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FOREWORD 


The  development. of  a  radiation-tolerant  LARS  subsystem  involves  five  main 
phases: 


•  Circuit  design 

•  Computer  modeling  of  circuits 

•  Transient  radiation  testing  to  verify  the  computer  models 

•  Neutron  radiation  testing  to  verify  the  computer  models 

•  Computer-aided  analysis  to  determine  the  radiation  tolerance 
levels 


Because  of  the  bulk  of  testing  and  .test  data  generated,  the  report  has  been 
divided  into  two  sections  with  the  circuit  design  approaches  (classified),  the 
circuit  analyses  (classified),  and  the  summary  of  the  results  (classified) 
presented  in  Volume  I  (qlassified).  This  volume  contains  the  following  five 
appendices:  ^ 

Appendix  A  -^Vulnerability  Analysis  and  Nuclear  Hardening  of  Laser 

Gyro  Circuit  Assemblies: 

. . . .  ' 

Appendix  B  ^Superflash  X-Ray  Test  . 


) 


Appendix  C  ^Hardened  Laser  Angular  Rate  Sensor, 


Appendix  D  -Shaper  '^The  Laser  Gyro’^by-J-r-ET--^^ 

Appendix  E  -^Predicted  Effects  of  X-Radiation  Upon  the  Glow 
Discharge  and  Output  Signal  of  a  Helium-Neon 
Lasei^  TrJ^-Rodgow&ki 
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FOREWORD 

This  final  report  was  prepared  in  accordance  with  Honeywell 
Incorporated  P.0.  DY690401,  which  is  a  subcontract  under  the  Advanced 
Ballistic  Missile  Defense  Agency  (ABMDA)  prime  contract  DAHC60-71-C-0041 . 
The  report  covers  vulnerability  analysis  and  nuclear  hardening  of  laser 
gyro  circuit  assemblies. 

Program  objectives  were  as  follows: 

1^  Develop  analytic  me dels  and  perform  analyses  to  predict 
circuit  response  to  a  nuclear  environment. 

2_  Analyze  the  electronic  circuit  assemblies  of  the  laser 
gyro  to  the  neutron  and  gamma  environment  specified 
for  advanced  interceptor  systems. 

_3  Assist  Honeywell  Incorporated  in  conducting  laboratory 
radiation  tests  on  breadboard  and  prototype  circuits. 

_4  Use  the  SECURE  computer  code  to  determine  the  vulner¬ 
ability  of  the  system  to  a  SPRINT  weapon  profile  and  a 
SPRINT  underground  test  profile. 

Accomplishment  of  the  program  objectives  is  presented  in  two 
volumes.  Volume  I  (Unclassified)  contains  various  component  and 
computer  modeling  data.  Volume  II  (Secret  Restricted  Data)  contains  the 
system  vulnerability  analysis. 

The  program  accomplishments  were  made  possible  only  through 
the  close  cooperation  of  the  Honeywell  and  Martin  Marietta  staff. 

Specific  Martin  Marietta  personnel  who  assisted  during  the  course  of 
the  contract  are  as  follows: 


Program  Coordination 
W.  W.  Mras 
Analytic  Support 
Dr.  E.  H.  Lowe 
W.  J.  Dillon 
S.  J.  Monte 
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1.  INTRODUCTION 

The  laser  gyro  hardening  program  was  conducted  to  develop 
and  evaluate  a  laser  angular  rate  sensor  (MRS)  system  for  use  in  high 
performance  missile  applications  in  a  nuclear  environment.  A  block 
diagram  of  the  LARS  system  is  presented  in  Figure  1-i.  Volume  I 
(Unclassified)  contains  component  test  data,  individual  circuit  descrip¬ 
tions,  computer  modeling  data,  and  individual  circuit  test  data  taken 
at  vai  ous  radiation  facilities.  Volume  II  (Secret-Restricted  Data) 
contains  system  nuclear  design  goals,  system  nuclear  analysis,  and  the 
results  of  the  system  vulnerability  determination.  Conclusions  and 
recommendations  are  also  included  in  Volume  II. 
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2.  COMPONENT  SELECTION 

Hardening  of  the  laser  gyro  electronic  circuits  required  a 
complete  redesign  to  include  the  radiation  hardened  devices.  These  devices, 
normally  selected  by  test  and  analysis,  were  choosen  from  available  radia¬ 
tion  resistant  components  listed  in  the  literature.  This  method  of 
selection  was  used  because  of  time  and  fund  limitations  of  the  program. 

Several  circuits  in  the  laser  gyro  use  differential  amplifiers 
that  consist  of  a  matched  pair  of  NPN  transistors  in  a  single  package. 

For  this  application,  the  Union  Carbide  2N4878  (2N4040)  was  selected,  due 
to  its  high  gain.  The  2N4878  is  a  monolithic  silicon  planar  dual  tran¬ 
sistor  w:.th  dielectric  isolation,  incorporating  many  features  that:  are 
desirable  for  differential  amplifier  application.  Although  this  device 
is  not  called  out  as  a  radiation  hardened  device  (f-p  =  200  MHz),  the 
initial  high  hpg  of  225  minimum  (350  nominal)  and  the  neutron  test  data 
called  out  in  Reference  1  indicated  that  there  would  be  sufficient  gain  at 
the  specified  levels. 

Other  discrete  devices  originally  considered  were  the  2N2222A 
and  2N2907,  but  these  were  gradually  replaced  by  the  commercially  available 
radiation  resistant  Fairchild  2N5244  and  2N5107  transistors.  The  only 
available  power  transistors  were  the  Solitron  BR100  and  the  higher  power 
BR200.  The  BR100  was  found  to  be  adequate  in  all  applications  and  therefore 
was  selected  for  use.  The  2N3302  and  2N4035  were  used  as  diodes  to  provide 
low  cost  photocurrent  compensation  for  the  2N5107  and  2N5244  transistors. 

The  digital  logic  originally  selected  was  the  Texas  Instrument 
(TI)  or  Motorola  dielectrically  isolated  radiation  resistant  5400  series. 
However,  manufacturers'  delivery  time  prohibited  using  the  5400  series. 

For  that  reason,  the  54H  series  TTL  logic  was  selected.  A  comparison  of 
the  switching  times  and  dissipation  per  gate  is  listed  below: 

Digital  Logic  Series  Dissipation/Gate  Switching  Speed 


54 

standard 

10  mW 

10 

ns 

54 

H 

20  mW 

6 

ns 

54 

L 

1  mW 

30 

ns 

Table  2-1  summarizes  the  transistors  used  in  the  laser  gyro 
hardening  program. 
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TABLE  2-1 

Laser  Gyro  Transistor  Selection 


Device 

Type  and  Application 

Manufacturer 

2N4878 

NPN  dual  monolithic  silicon  planar 
differential  amplifier 

Union  Carbide 

2N5107 

NPN  radiation  resistant 

general  purpose  amplifier  and  switch 

Fairchild 

2N5244 

PNP  radiation  resistant 

general  purpose  amplifier  and  switch 

Fairchild 

2N3302 

Low  cost  photocurrent  compensator 
for  2N5107 

Fairchild 

2N4035 

Low  cost  photocurrent  compensator 
for  2N5244 

Fairchild 

2N3251 

PNP  high  speed  switch  and  RF  amplifier 

Fairchild 

BR100 

NPN  radiation  resistant 
high  power  transistor 

Solitron  Devices 

Because  the  selection  of  devices  was  made  from  a  radiation 
tolerance  point  of  view,  it  is  convenient  to  present  the  data  that  were 
obtained  and  used  in  the  computer  analysis. 

The  neutron  degradation  information  was  provided  by  References 
1,  2,  and  3.  The  damage  constant  was  calculated  using  the  Messenger 
damage  equation: 


1 _ 1 

hFE^  hFE^ 


4> 


where : 


h-pC#)  =  transistor  gain  after  neutron  exposure 
rh 

h„_(o)  =  transistor  gain  before  exposure 

rL 

Kp  =  damage  constant 

2 

$  =  fluence  level  in  neutrons/cc 

The  damage  constants  for  the  devices  used  in  the  computer 
analysis  are  presented  in  Table  2-II.  These  constants  were  calculated 
using  1x10-^  n/cm^  as  a  reference  level  as  called  out  in  Reference  1. 
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TABLE  2-II 
Damage  Constants 


Device 

hpE(°) 

hFE<^ 

2N4878 

340 

60  / 

1.3  x  10“16 

2N2907 

184 

29 

2.93  x  10~16 

2N2222A 

240 

25 

3.6  x  10-16 

2N5107 

200 

50 

1.5  x  10~16 

2N5244 

200 

50 

1.5  x  10-16 

2N3251 

200 

30 

2.83  x  10-16 

BR100F 

80 

15  (Min) 

5.5  x  10-16 

The  digital  logic  design  was 

completed  early 

in  the  program; 

therefore,  it  was  the  first  to  be  analyzed.  To  determine  the  ioniza¬ 
tion  hardness  of  the  digital  circuits ,  since  there  was  no  test  data 
available,  it  was  necessary  to  estimate  the  photocurrent  of  the  transis¬ 
tors  used  in  the  computer  model.  A  Motorola  MCE5400  chip,  shown  in 
Figure  2-1,  was  examined  for  circuit  topology  verification  (see  Figure 
2-2)  and  collector-base  junction  area  measurement.  Using  the  equation, 


I 

ppc 


2  2 

S.F.  (amperes/cm  /rad(Si)/s)  x  Area  (cm  )  x  y  (rads(Si)/s) 


the  photocurrent  of  the  various  transistors  in  the  digital  logic  model  were 
determined.  In  previous  efforts,  it  has  been  found  that  a  scale  factor 
(SF)  of  1  x  10~®  amperes/cm2/rad(Si)/s  provides  good  data  correlation. 

The  performance  difference  between  the  two  logic  lines  is  the  increase  in 
speed  and  power  of  the  54H  series.  The  increase  in  speed  is  due  to  an 
additional  gain  stage  in  the  output  pull-up  circuit  and  a  decrease  in  the 
circuit  resistance  values.  The  TI  and  Motorola  54H00  gates  are  shown  in 
Figure  2-3.  A  slight  increase  in  ionizing  radiation  hardness  is  achieved 
by  the  reduction  of  resistance  of  R4  from  1000  to  470  ohms.  This  can  be 
explained  briefly  by  using  the  circuit  shown  in  the  following  sketch. 
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Figure  2-1.  Motorola  MCE5400  Chip 
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54H00  gate. 


To  turn  on  che  pull-down  transistor  with  photocurrent  for  the 


BE (SAT) 


pp  0.47k 

-  _  ,0.5v, 
'  OV47K 


+  Ib 


+0.25  mA 


=  1.25  mA  (worst  case) 

=  2,5  mA  (best  case) 

where  the  typical  minimum  Vgg(SAT)  of  0.5  volt  represents  the  worst  case. 

A  base-emitter  voltage  of  1.0  volt  represents  a  best  case  situation,  tdnce 
it  requires  an  Ipp  of  2.5  mA  co  put  the  transistor  into  saturation. 

• 

The  ionization  dose  rate,  y,  can  be  determined  from  the 
following  expression: 


I 

PP 


=  Ky 


where : 

K  =  5  x  Hf6  A/107  rads  (Si) /s. 

For  I  =  1.25  x  10_3A 

PP 

Q 

y  =  2.5  x  10  rads (Si) /s  (worst  case) 

and  for  I  =  2.5  x  10~3A 
PP 

y  =  5  x  109  rads (Si) /s. 

For  the  5400  gate 

ipp"TT+0-25"a 

=  0.75  mA  (worst  case) 

=  1.25  mA  (best  case). 

The  dose  rate  y  was  calculated  to  be  1.5  x  109  rads (Si) /s  (worst  case)  and 
2.5  x  109  rads (Si) /s  (best  case).  The  results  of  the  analysis  of  a  computer 
simulation  for  the  5400  series  gates  are  shown  in  Figure  2-4.  Nominal 
operating  conditions  are  shown  in  Figure  2-4a.  Figure  2-4b  shows  the  gate 
to  be  hard  (no  change  in  state)  at  1  x  109  rads (Si) /s  and  to  have  changed 
state  at  5  x  109  rads (Si) /s.  Figure  2-4c  shows  the  predicted  response  to 
che  SFXR  pulse  at  a  dose  rate  of  1  x  10^2  rads (Si) /s. 
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Figure  2-4.  Summary  of  5400d  10,  20,  30,  and  04  Gate  Characteristics 
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Figure  2-5a  shows  the  nominal  response  of  a  54H  gate  to  the 
signal  shown  at  the  input  gate.  The  response  of  the  54H  gate  to  the  SFXR 
characteristic  wave  shape  with  a  .peak  dose  rate  of  5  x  109  and  1  x  K)H 
rads (Si) /s  is  shown  in  Figures  2-5b  and  2-5c,  respectively.  Both  54H00 
configurations  were  analyzed  to  determine  if  any  possible  fan  out  degrada¬ 
tion  resulted  from  the  reduction  of  the  transistor  gains.  The  transistor 
gains  (hpg) were  reduced  to  5  and  the  gate  perforated  satisfactorily, 
indicating  normal  fan  out  criteria  arc  acceptable  under  the  present  nuclear 
specification.  The  performance  was  verified  at  the  scheduled  FBR  tests. 

The  response  of  six  Motorola  MCE  54HG0  gates  recently  tested 
indicates  very  close  agreement  between  the  predicted  gamma  rate  hardness 
and  the  test  data.  Figure  2-6  shows  the  output  drop  versus  gamma  dose 
rate  for  these  devices.  For  a  normal  gate  voltage  high  of  4.5  volts, 
allowing  approximately  a  1.5  volt  drop  yields  a  gate  hardness  of 
4  x  10*  rads(Si)/s. 


Photocurrent  information  from  radiation  test  data  for  the  2N5107 
and  2N5244  was  provided  by  the  manufacturer  (see  Appendix  B) .  Included  with 
the  data  were  collector-base  junction  area  measurements  (i.e.,  131.2  mils^ 
for  the  2N5107  and  21.1  mils2  for  the  2N5244) .  Using  these  data,  a  scale 
factor  of  approximately  7.5  x  10~9  amperes/cm2/rads(Si)/s  was  obtained, 
which  is  in  good  agreement  with  the  10  x  10"9  scale  factor  used  for  photo¬ 
current  estimates  for  the  digital  logic  elements.  The  photocurrent  data 
for  the  2N2907  and  2N2222A  were  available  at  Martin  Marietta  from  previous 
radiation  testing.  The  final  photocurrent  data  used  in  the  computer 
simulation  for  the  above  devices  are  listed  in  Table  2-III. 


TABLE  2-III 


Photocurrent  Data 


Device 

I  at  10^  rads(Si)/s 

ppc 

Source  of  Data 

2N4044 

65.0  x  10"6 

Reference  1 

2N2907 

250.0  x  10-6 

Martin  Marietta  Test  Data 

2N2222A 

250.0  x  10“6 

Martin  Marietta  Test  Data 

2F.5107 

65.0  x  10-6 

Vendor  Data  and  Junction 

2N5244 

10.0  x  10"6 

Vendor  Data  and  Junction 

2N3251 

120.0  x  10"6 

Reference  1 

BR100F 

4,0  x  10“3 

Appendix  A 

Area 

Area 
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Figure  2-5.  Summary  of  54H00,  10,  20,  30,  and  04  Gate  Characteristics 
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.  Gamma  Dot  Response  of  54HOO  Digital  Integrated  Circuits 
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The  assessment  of  nuclear  vulnerability  of  circuit  or 
system  operation  requires  the  extensive  use  of  computer  codes.  These 
codes  are  used  for  the  prediction  and  analysis  of  the  equipment  in  the 
simulator  environments  and  to  evaluate  the  effects  of  a  probable  threat 
environment.  The/  code  that  was  used  for  circuit  analysis  throughout  this 
program  was  the  TRAC  computer  code  (Reference  4) .  Approximately  midway 
into  the  vulnerability  assessment,  the  SECURE  computer  program  (Reference  5) 
was  made  available  to  Martin  Marietta  Corporation  for  the  system  evaluation 
of  the  laser  gyro  electronics.  The  semiconductor  model  for  the  SECURE 
code  is  an  expanded  TRAC  model  and  all  discussions  concerning  the  TRAC 
model  are  directly  applicable  t<~  the  SECURE  model.  A  brief  description 
of  the  TRAC  model  parameters  is  included  in  the  following  paragraphs. 


A  list  of  the  semiconductor  model  parameters  necessary 
for  the  TRAC  computer  code  is  presented  in  Table  3-1.  Normally,  a  com¬ 
prehensive  component  selection  and  parameter  determination  program  is 
incorporated  in  parallel  with  the  design  and  analysis  effort;  however,  it 
was  not  possible  to  incorporate  a  study  of  this  type  because  of  the  limita¬ 
tions  of  the  program. 


TABLE  3-1 

Definition  of  Symbols 

Transistor 

Model 

HFEN 

Forward  current  gain 

HFEI 

Inverted  current  gain 

TN 

Emitter  diode  junction  time  constant 

TI 

Collector  diode  junction  time  constant 

ICS 

Collector  diode  saturation  current 

MC 

Collector  diode  proportionality  constant 

CCO 

Collector  diode  junction  capacitance  at 
zero  volts  bias 

VCBI 

Collector  diode  intrinsic  voltage 

RCL 

Collector  leakage  resistance 
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TABLE  3-1  (Continued) 


Transistor  Model 


Emitter  diode  saturation  current 

Emitter  diode  proportionality  constant 

Emitter  diode  junction  capacitance  at 
zero  volts  bias 

Emitter  diode  intrinsic  voltage 
Emitter  leakage  resistance 
Collector  junction  diode  primary  photocurrent 
Emitter  junction  diode  primary  photocurrent 


Diode  Model 


IS  Diode  reverse  saturation  current 

MD  Diode  proportionality  constant 

RDL  Diode  leakage  resistance 

CDO  Diode  junction  capacitance  at  VQ  *  0 

VDBL  Diode  intrinsic  built-in  voltage 

TD  Diode  time  constant 

I  Diode  jtinction  primary  photocurrent 

From  the  list  of  parameters  in  Table  3-1  the  most  significant 
values  for  the  transistor  models  to  be  used  in  this  study  are: 

1,  Hp£N  -  Forward  current  gain 

2_  T^  -  Emitter  diode  junction  time  constant 

3_  T^  -  Collector  diode  junction  time  constant 

j4  CCO  -  Collector  diode  junction  capacitance  at  zero  volts 
bias 

5_  CEO  -  Emitter  diode  junction  capacitance  at  zero  volts  bias 

,6  1  -  Collector  junction  diode  primary  photocurrent 


Items  1^  and  2  can  be  generally  obtained  from  the  manufacturer's  specification 
sheet.  Item  3,  the  collector  diode  junction  time  constant  was  estimated 
to  be  10  to  50  times  the  emitter  time  constant  or 
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h  -  50  Tn  £  50  X  6<28  x  f 
max  .  T 


where  f„,  is  the  current  gain-bandwidth  product.  Items  4^  and  5_  can  be 
obtained  using  data  from  the  specification  sheet  and  the  following  equations 


Item  the  collector  junction  diode  primary  photocurrent  can  he  estimated 
using  various  methods  but,  normally,  test  data  are  the  best  source  of 
information.  The  photocurrent  information,  as  well  as  past  neutron  data, 
was  obtained  from  manufacturer's  tests  data,  junction  area  measurements, 
and  various  references  that  are  available  (Reference  1)  that  characterize 
the  radiation  parameters. 

The  TRAC  semiconductor  models  for  the  diode,  NPN  transistor, 
and  PNP  transistor  are  shown  in  Figures  3-1,  3-2,  and  3-3.  Units  for  the 
TRAC  semiconductor  model  are  presented  in  Table  3-II.  The  bipolar  tran¬ 
sistor  is  represented  as  two  diodes,  plus  two  current  generators.  The 
diode  model  in  the  transistor  is  identical  to  the  diode  model  except  for  a 
slight  change  in  notation  necessary  to  differentiate  between  the  base- 
collector  diode  and  the  base-emitter  diode. 


TATLE  3-II 

TRAC  Semiconductor  Model  Units 


Parameter 

Unit 

Resistance 

Ohms 

Capacitance 

Farads 

Voltage 

Volts 

Time 

Seconds 
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c  _  _ CCQ  c  _ 

C  Vl  -  VBC(t)/VCB~I  E 

id  =  ICS  [  exp  (VBC(t)/(MC  *  KT/q))  -1] 

iei  =  IES  [  exp  (VBE(t)/(ME  *  KT/q))  -I] 
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Figure  3-2.  TRAC  PNP  Transistor  Model 


CEO  _ 

BE(t)/VEBI 


T 


Z9080-3010FR 
Vol.  II 


IS  [  exp(VD(t)/(MD  *  KT/q))  -1] 
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Figure  3-3.  TRAC  Diode  Model 
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The  relationship  between  the  current  and  voltage  in  an  ideal 
PN  junction  diode  can  be  shown  to  be  exponential  in  character.  Assuming 
voltages  less  than  the  breakdown  voltage  of  the  junction  and  ignoring 
diode  series  resistance,  the  relationship  can  be  written  as  follows: 

I  =  Is  (e«v/n  -1), 

in  which: 


Is  =  Saturation  current 
V  =  Applied  junction  voltage 
q  =  Charge  of  an  electron 
k  =  Boltzmann's  constant 
T  =  Temperature  in  degrees  Kelvin. 

The  exponential  dependence  is  slightly  modified  in  the  TRAC 
program  to  compensate  for  diodes  that  deviate  from  the  "ideal"  case  shown 
below.  That  is,  the  exponent  is  given  more  exactly  by 

I  -  Is  <e’V'M0KI  -1), 

where  Mp  =  constant  having  a  value  near  1.0. 

The  value  of  q/K  is  a  constant  and  is  not  required  for  semi¬ 
conductor  input  data.  Values  of  Mp  and  T  are  required  as  TRAC  data.  The 
diode  and  transistor  models  are  large-signal  nonlinear  models.  That  is, 
the  model  is  good  in  both  the  conducting  and  nonconducting  state.  The 
model  does  not,  however,  take  into  account  voltage  breakdown  caused  by  the 
Zener  effect,  or  the  avalanche  effect. 

The  TRAC  program  mechanizes  a  form  of  the  Ebers  and  Moll 
equations  in  the  transistor  model.  These  equations  use  the  same  exponential 
dependence  of  current  to  voltage  as  the  diode  but  in  addition  include  the 
effect  of  the  transistor  common-base  current  gains. 

The  effect  of  junction  capacitance  has  been  accounted  for  in 
the  TRAC  program.  This  inclusion  was  made  by  mechanizing  a  charge  control 
model  that  takes  into  account  the  dependence  of  junction  capacitances  on 
the  applied  junction  voltage  and  the  relationship  of  this  capacitance  to 
the  transient  times  involved  in  switching  the  PN  junction  from  an  OFF  state 
to  an  ON  state,  or  vice  versa. 

The  definition  of  the  required  input  parameters  for  the  diode 
and  transistor  models  are  given  in  Reference  1. 

The  data  used  in  this  study  for  the  semiconductor  parameters 
are  listed  in  Table  3-III. 
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TABLE  3-1 I I 


Semiconductor  Parameters  for  TRAC  Computer  Code 


2N2907 

2N2222 

2N4044 

2N3251 

HFEN 

216 

136 

340 

200 

HFEI 

4.2 

2.3 

1.0 

0.68 

TN 

4.97Erl0 

3.97E-10 

6.0E-10 

2.58E-10 

TI 

3.55E-10 

8.36E-08 

2.0E-09 

4.8E-08 

ICS 

1.48E-13 

1.19E-13 

5.0E-10 

1.19E-13 

MC 

1.43 

1.018 

1.30 

1.075 

CCO 

2.6E-11 

1.37E-11 

1.2-12 

6.85E-12 

VCB1 

1.0 

0.9 

0.75 

0.75 

RCL 

5.0E+08 

5 . OE+08 

5. OE+08 

5.0E4O8 

.  IES 
e 

2, 21E-14 

3.02E-14 

2.0E-10 

4.02E-15 

ME 

0.9675 

0.967 

1.3 

0.9675 

CEO 

2 . IE-11 

2.32E-11 

9.0E-13 

5.06E-12 

VEBI 

1.0 

0.9 

0.75 

0.75 

REL 

5.0E+07 

5.0E+07 

5.0E+07 

5.0E4O7 

I 

ppc 

250.E-06 

250.E-06 

65.0E-06 

120.E-06 

I 

ppe 

0 

0 

0 

0 

Notes:  I 

PP 

values  are  taken  at 

1  x  107  rad(Si) /s. 

Z9080-3010FR 
Vol.  II 


-  A28  - 


TABLE  3-III  (Cont) 

Semiconductor  Parameters  for  TRAC  Computer  Code 

Digital 

Logic 


2N5107 

2N5244 

BR100F 

Transistors 

HFEN 

200 

200 

80 

50  ] 

HFEI 

1.09 

1.09 

1.09 

0.8  | 

TN 

6.0E-10 

3.0E-10 

1.0E-09 

2.0E-11  * 

TI 

1.0E-09 

1.5E-09 

2.0E-08 

2.0E-10  9 

ICS 

7.14E-15 

7, 14E-15 

3.06E-10 

W 

5.0E-10 

MC 

1.0 

1.0 

1.39 

1.70  | 

CCO 

6.0E-12 

2.0&-12 

6.8E-10 

1.0E-11  * 

VCBI 

0,75 

0.75 

0.75 

0.75  * 

RCL 

5.0E+08 

5 . 0E+08 

3.88E+09 

5.0E+08  1 

IES 

5.94E-15 

5.94E-15 

5.55E-10 

V 

2.0E-10 

ME 

1.0 

1.0 

1.44 

1. 70  ,] 

CEO 

1.2E-11 

4.0E-12 

3.97E-09 

i.OE-n  _ 

VEBI 

0.75 

0.75 

0.75 

0.75  » 

REL 

5.0E+07 

5.0E+07 

9. 2E*:07 

5.0E+07  1 

I 

ppc 

65.E-06 

10.0E-06 

4.0E-03 

11 

5.0E-06 

I 

ppe 

0 

0 

0 

1 

Notes:  All  1^  values  are  taken  at  1  x  10^  rads  (Si) /s. 

I 

1 
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TABLE  3-III  (Cont) 

Semiconductor  Parameters  for  TRAC  Computer  Code 


Zener 

Zener 

Digital 

Photo 

Diode 

Diode 

Logic 

Sensor 

Back 

Forward 

Diodes 

Diode 

Biased 

Biased 

IS 

5.0-10 

1.9E-09 

1.9E-09 

1.9E-09 

MD 

1.50 

1.58 

1.58 

1.58 

RDL 

5.0E4-8 

5.0E+08 

5 . 0E+08 

5.0E+08 

CDO 

10.0E-12 

2.5E-12 

10.0E-12 

200.E-12 

VDBL 

0.75 

0.75 

0.75 

0.75 

TD 

2.0E-10 

1.0E-10 

8.0E-09 

1.0E-09 

T 

‘PP 

5.0E-06 

1.5E-03 

0.4E-03 

0 

Note: 

I  values  are 
PP 

taken  at  1  x  10^ 

rad (Si) /s. 
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4.  READOUT  AMPLIFIER 

The  readout  amplifier  receives  the  input  signal  from  the 
germanium  photosensor  and  amplifies  the  signal  to  a  reasonable  working 
level.  The  photosensor's  output  at  1  MHz  is  4.2  pA  peak-to-peak. 

Because  of  its  noise  suppression  characteristics,  a  high  gain  differential 
amplifier  circuit  was  chosen  to  amplify  this  low  level  signal.  The 
attempts  at  designing  a  dc  amplifier  (were  abandoned  in  favor  of  a  conventional 
differential  ac  amplifier  scheme.  Figure  4-1  shows  the  readout  amplifier 
and  trigger  circuit  as  of  1  April  1971.  Assuming  an  input  current  of 
4.2  pA  pp  at  1  MHz,  the  output  is  as  shown  in  Figure  4-2b.  The  low  input 
impedance  of  the  output  transistors,  when  the  transistors  go  into  satura¬ 
tion,  causes  the  driver  transistor  to  saturate.  This  forces  non-linear 
operation  of  the  input  stage  as  shown  in  Figure  4-2d.  To  get  better  noise 
rejection  and  high  frequency  characteristics,  the  trigger  circuit  was 
redesigned.  The  redesigned  circuit  is  discussed  in  more  detail  in 
section  5. 


A  preliminary  analysis  of  the  linear  stages  of  the  readout 
amplifier,  using  the  SFXR  radiation  profile,  was  conducted  to  determine 
the  approximate  recovery  time.  Figure  4-3  shows  the  response  of  the  three 
amplifier  stages  to  the  120  ns  ionization  pulse.  Because  of  the  large 
voltage  excursions  during  and  shortly  after  the  burst,  the  ac  signal  cannot 
be  seen  at  the  output  of  the  first  and  second  stages.  The  sine  wave  output 
of  the  driver  stage  (Figure  4-3b)  recovers  approximately  1  ps  after  the 
radiation  burst.  There  is  a  250  mV  change  at  the  output  of  the  first 
stage  due  to  the  discharge  of  the  coupling  capacitors.  The  capacitors  will 
charge  up  over  a  much  longer  period  but,  because  of  the  common  mode  rejection 
of  the  differential  stages,  the  output  (driver  stage)  is  not  affected. 

The  readout  amplifier  was  modified,  as  was  the  trigger  circuit, 
to  achieve  better  gain  and  bandwidth  characteristics.  These  modiiications 
are  shown  in  Figures  4-4  and  4-5.  The  readout  amplifier  had  to  be  further 
modified  because  the  photo  sensors  used  to  detect  the  laser  interference 
pattern  are  no  longer  being  manufactured.  This  created  a  shortage  of 
parts  that  resulted  in  the  readout  amplifier  input  having  only  two  diodes 
instead  of  four.  Figure  4-6  shows  the  readout  amplifiers  used  in  the  first 
FBR  test.  The  FBR  analytic  predictions  (OR  11,148-3)  on  the  readout 
amplifier  and  trigger  circuit  of  Figures  4-4  and  4-5  showed  an  undesirable 
high  frequency  oscillation  in  the  trigger  circuit.  This  high  frequency 
oscillation  was  also  present  in  normal  operation:  hence,  the  trigger  circuit 
was  again  redesigned.  Any  designation  of  the  readout  amplifier  invariably 
requires  discussion  of  the  trigger  circuit  because  in  any  test  situation  only 
the  output  of  the  trigger  circuit  is  monitored.  The  output  of  the  trigger 
circuit  has  a  low  output  impedance  which  makes  it  possible  to  drive  the 
cables  necessary  for  signal  monitoring. 
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The  new  trigger  circuit  shown  in  Figure  4-7  and  its  associated 
readout  amplifier  (Figure  4-6)  were  included  in  the,  first  FBR  test  albng 
with  the  readout  amplifier  and  trigger  circuit  of  Figures  4-6  and  4-5 , 
respectively.  The  response  of  the  readout  amplifier  and  the  two  different 
trigger  circuits  to  an  FBR  enviroiuaent  is  shown  in.  Figure  4-8.  The  readout 
amplifier  and  trigger  circuit  of  Figures  4-5  and  4-6  recovered  approxi¬ 
mately  500  ps  after  tho  burst.  The  readout  amplifier  and  trigger  circuit 
of  Figures  4-6  and  4-7  recovered  within  200  ps  after  the  burst.  Because  of 
the  superior  performance  of  this  combination  of  readout  amplifier  and 
trigger  circuit  at  the  FBR,  all  other  designs  were  abandoned. 


The  system  modeling  of  the  readout  amplifier  and  trigger 
circuit  on  the  SECURE  computer  code  was  being  undertaken  at  this  time; 

The  best  radiation  test  data  was  that  taken  at  the  FBR:  hence,  the  computer 
model  would  have  to  be  matched  against  this  data  (Figure  4-8b).  The 
transistor  photocurrent  values  and  damage  constants  used  in  the  computer 
simulation  are  shown  in  Table  4-1. 


TABLE  4-1 


Transistor  Forward  Current  Gains  (h__) 

rb 


Device 

hFE(°} 

hFE(« 

(<t>  =  lxlO^n/cm2) 

I  at  102  rads (Si) /s 
PP 

(amperes) 

2N4044 

340 

60 

1.3xl0"16 

65.0xl0-6 

2N2907 

184 

30 

2.9xl0“16 

250.0x.l0~6 

2N2222A 

240 

25 

2.6xl0-16 

250.0xl0-6 

2N5107 

200 

50 

1.5xl0“16 

65.0xl0-6 

2N5244 

200 

50 

1. 5xl0~16 

lO.OxlO-6 

2N3261 

200 

30 

2.8xl0-16 

120.0xl0-6 

BR100 

80 

15  (min) 

-16 

5.5x10  ~ 

4.0xl0-3 

The 

approximately  5 
gains  would  la 


maximum  single  burst  at  the  FBF,  is  expected  to  produce 
to  6  x  10'3  n/cm^.  Using  the  damage  equation,  the  transistor 
reduced  for  the  following  devices  as  shown  in  Table  4-II. 
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(a) 

Upper  Trace  -  50  ys/cm 
Lower  Trace  -  500  ys/cm 


Readout  Amplifier  -  Figure  4-6 
Trigger  Circuit  -  Figure  4-5 


(b) 


Upper  Trace  -  50  ys/cm 
Lower  Trace  -  500  ys/cm 


Readout  Amplifier  -  Figure  4-6 
Trigger  Circuit  -  Figure 


Figure  --i.  Readou.  .licr  ami  Trigger  Circuit  Reapuusa  to  FBR  Environment 
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Transistor  Gain  Reduction 


Device 

hFE(o) 

(<J>  =  5xl013i.,-cm2) 

hFE(*)/2 

(4>  =  lxlO'^n/cm2, 

2N4044 

340 

100 

50 

60 

2N2907 

200 

50 

25 

30 

2N5244 

200 

80 

40 

50 

2N5107 

200 

80 

40 

50 

2N3251 

200 

50 

25 

30 

BR100 

80 

25 

12.5 

15  (min) 

An  accepted  approximation  to  the  minimum  transistor  gain 
immediately  after  neutron  exposure  is  50  percent  of  the  final  annealed 
value.  This  would  reduce  the  transistor  gains  calculated  by  means  of 
the  damage  equation  by  a  factor  of  two.  Since  these  values  are  very 
similar  to  the  neutron  data  taken  at  1x10^-^  n/cm^  (Table  4-11)  and  since 
much  data  are  referenced  at  this  level,  it  will  be  assumed  that  the  maximum 
single  burst  neutron  fluence  at  the  FBR  facility  will  degrade  the  transistors 
at  the  lxlO1^  n/cm^  level.  The  actual  transistor  gain  during  the  burst 
is  a  nebulous  quantity  because  measurement  techniques  are  not  possible 
during  this  time. 

A  simulation  of  the  readout  amplifier  and  trigger  circuit 
using  a  linear  degradation  profile  and  an  ionization  profile  with  a  peak 
dose  rate  of  1x10°  rads (Si) /s  corresponding  to  the  FBR  environment  is 
shown  in  Figure  4-9.  The  output  of  the  trigger  circuit  drops  immediately 
from  the  high  state  to  the  low  state,  which  does  not  correlate  very  well 
to  the  test  data  of  Figure  4-8b.  Estimates  of  transistor  gains  during  the 
interaction  between  the  neutrons  and  the  silicon  material  range  from  a 
factor  of  ten  times  lower  than  post  test  data  to  almost  zero.  A  transistor 
gain  degradation  profile  was  constructed  to  reduce  the  gains  to  five  during 
the  burst  simulation.  The  result  of  the  simulation  using  the  ionization 
and  transistor  gain  degradation  profiles  is  shown  in  Figure  4-10.  A 
comparison  between  the  data  of  Figure  4-8b  and  Figure  4-10  show  that  the 
simulation  is  much  better,  except  that  at  the  peak  ionization  rates  the 
trigger  output  did  not  go  to  the  low  state  as  in  the  test  data.  It  was  then 
reasoned  that  the  reduction  of  transistor  gains  to  five  would  occur  at  the 
time  of  maximum  neutron  interaction,  which  is  approximately  at  the  time  of 
the  peak  ionization  rate.  The  simulation  was  repeated,  delaying  the 
transistor  gain  degradation  to  a  time  coincident  with  the  peak  dose  rate. 

The  results  of  the  simulation,  along  with  the  ionization  and  transistor 
gain  degradation  profiles,  is  shown  in  Figure  4-11.  The  correlation  between 
the  test  data  of  Figure  4-8  and  computer  simulation  results  of  Figure  4-11 
is  excellent.  The  points  of  agreement  are: 
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4-10.  Computer  Simulation  of  Readout  Amplifier 
and  Trigger  Circuit  to  FBR  Environment 
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.1  Ceasing  of  normal  operation  at  the  start  of  the  burst 

2  The  holding  of  the  output  at  the  high  level  (50  ys  test 
data  -  20  ys  simulation) 

3^  The  drop  to  the  low  state  during  peak  dose  rates  (30  ys 
test  data  -  50  ys  simulation) 

4_  The  recovery  to  a  level  less  than  the  original  high  state 
(60  ys  test  data  -  80  ys  simulation) 

The  time  dependence  between  items  2_  and  _3  is  directly  attributed  to  exact 
measurements  of  photo  current  and  ionization  rate  levels.  The  combination 
of  the  two  times,  50  ys  +  30  ys  for  the  test,  and  20  ys  +  50  ys  for  the 
simulation  is  a  measure  of  the  correlation  between  the  test  and  simulation. 

The  computer  simulation  restored  the  transistor  gains  to  their 
post  test  levels  immediately  after  150  ys  and  the  amplifier  began  to 
operate  normally.  In  the  test  data,  it  is  evident  that  transistor 
annealling  is  taking  place  as  the  magnitude  of  the  signal  increases  for 
approximately  75  ys  after  normal  switching  begins.  Because  of  the  good 
correlation  between  the  test  data  and  the  SECURE  computer  model,  a  high 
degree  of  confidence  can  be  placed  on  the  system  simulation  using  these 
circuits. 
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5.  TRIGGER  CIRCUIT 


The  trigger  circuit  receives  the  amplifier  laser  gyro  sinusoidal 
signal  and  generates  a  square  wave  signal  for  driving  the  digital  logic 
circuitry.  There  are  two  signal  channels  that  differ  in  phase  by  <)0  degrees. 
This  phase  relationship  makes  it  possible  to  determine  the  direction  of 
rotation  about  that  particular  axis.  Because  the  output  drives  digital 
logic  elements,  the  maximum  and  minimum  output  requirements  are  the  same 
as  those  defined  for  the  digital  logic. 


One  of  the  original  trigger  circuits  to  be  analyzed  is  shown 
is  Figure  5-1.  This  circuit  was  included  in  a  single  computer  simulation 
with  its  associated  readout  amplifier.  The  predicted  response  to  a  maximum 
single  burst  at  the  FBR  is  shown  in  Figure  5-2.  The  amplifier  and  trigger 
circuit  simulation  was  in  a  normal  mode  of  operation  (Figure  5-2a)  at 
5000  Hz  until  220  ys.  The  ionization  waveform  corresponding  to  2x10® 
rads (Si) /s  and  its  time  relationship  with  the  output  is  shown  in  Figure 
5-2b.  The  neutron  degradation  profile  using  the  data  discussed  in 
section  2  is  shown  in  Figure  5-2c.  The  normal  output  of  the  amplifier  is 
disrupted  from  a  minimum  of  100  ys  to  a  maximum  of  200  ys  after  the  burst. 
This  recovery  time  is  determined  to  the  coupling  capacitor  between  the 
readout  amplifier  and  the  trigger  circuit  as  it  returns  to  its  initial 
conditions  after  being  distributed  by  the  semiconductor  transients.  The 
oscillation  near  400  ys  occurs  in  the  computer  simulation  when  the  output 
of  the  readout  amplifier  is  not  driving  the  trigger  circuit.  The  oscilla¬ 
tion  is  the  result  of  coupling  via  R47  from  Qll  to  the  input  transistor 
Q10,  which  is  biased  in  an  ambiguous  state.  This  oscillation  was 
observed  during  the  FBR  test,  along  with  a  600  ys  recovery  time. 


To  incorporate  better  frequency  and  noise  characteristics  and 
faster  radiation  recovery  times,  the  trigger  circuit  was  redesigned.  This 
circuit  was  modeled  on  the  computer  as  shown  in  Figure  5-3.  The  circuit 
simulation  was  subjected  to  reduced  tunsistor  gains  of  50.  The  response 
is  illustrated  in  Figure  5-4.  The  duty  cycle  of  the  high  (4.2V)  state  of 
the  computer  simulation  changed  from  33  to  70  percent.  In  normal  operation, 
when  being  driven  by  the  readout  amplifier,  the  duty  cycle  of  the  trigger 
circuit  is  50  percent.  The  system  operates  with  two  of  these  circuits 
(readout  amplifier  and  trigger  circuits).  If  the  duty  cycle  of  both  units 
exceeds  a  25  to  75  percent  duty  cycle,  the  inputs  to  the  direction  logic 
circuits  will  be  incorrect  and  erroneous  data  will  be  generated.  The 
25  to  75  percent  duty  cycle  requirement  of  the  high  state  is  best  explained 
by  use  of  the  direction  logic  and  timing  diagrams  of  Figures  5-5,  5-6,  and 
5-7.  Figure  5-5  shows  the  direction  logic  and  the  normal  timing  diagram 
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Figure  5-5.  Direction  Circuit  and  Normal  UP-Count  Timing  Diagram 
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for  the  generation  of  an  UP-count;  i.e.,  input  A  leads  B  -by  90  degrees. 
Figure  5-6  shows  the  timing  diagram  if  the  duty  cycle  is  less  than 
25  percent.  For  this  case,  there  will  be  no  counts  generated  because  the 
coincidence  between  signals  E  and  F  no  longer  exists.  Figure  5-7  shows 
the  timing  diagram  if  the  duty  cycle  is  .greater  than  75  percent.  For 
this  case  there  will  be  both  an  UP-  and  DOWN-count  generated. 

The  sensitivity  due  to  input  voltage  and  reduced  transistor 
gains  for  the  trigger  circuit  is  shown  in  Figure  5-8.  As  the  transistor 
gains' decrease,  the  duty  cycle  of  the  high  state  increases,  hence  the  high 
percentage  duty  cycle  condition  is  the  only  one  of  interest.  An  analysis 
of  the  readout  amplifier  shows  that  the  output  voltage  (input  voltage  to 
the  trigger  circuit)  decreases  from  1100  mV  to  approximately  900  mV. 

This  magnitude  assumes  the  lowest  sensor  input  current  of  4.2  pA  peak- 
to-peak.  Using  800  mV  as  a  minimum  voltage  input  of  the  trigger  circuit, 
the  minimum  transistor  gain  (using  all  2N5107's)  has  to  be  35  to  keep  the 
duty  cycle  less  than  75  percent.  The  circuit  for  turning  off  transistor 
Q3  is  shown  in  Figure  5-9. 


Trigger  Circuit  Input  volts  pp 


Figure  5-8.  Trigger  Circuit  Duty  Cycle  Sensitivity  Due  to 
Input  Voltage  and  Reduced  Transistor  Gains 
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Figure  5-9.  Transistor  Q3  Turnoff  Circuit 


The  voltage  at  the  base  of  Q3  is: 


(180+750) 
4700+180+750  X 


5  +  1. 


x  180  x 


4700 

4700+750 


=  0.83  +  I  x  180  x  0.86. 
c 


For  Q3  to  be  off, 


3.6,  therefore, 


3.6-0.83 
c  ~  180x0.86 

=  18  mA. 

Because  of  the  input  impedance  of  Q2,  the  peak  base  current  of  Q2  is 
0.5  mA.  With  this  base  current,  a  minimum  transistor  gain  of  36  is 
necessary  to  turn  off  Q3. 


Although  this  calculation  appears  redundant  in  view  of  the 
computer  analysis,  it  can  be  seen  that  by  increasing  resistor  R6  (180  ohms) 
to  a  higher  value,  the  required  transistor  gain  decreases.  Using  a 
resistor  value  of  390  ohms,  the  change  in  duty  cycle  with  reduced  transistor 
gains  increased  only  10  percent.  The  trigger  circuit  was  then  modified  as 
shown  in  Figure  5-10.  This  uodified  circuit  was  not  analyzed  separately 
but  is  covered  in  the  system  analysis. 
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6.  DIRECTION  LOGIC  CIRCUIT 

The  computer  simulation  for  the  UP-count  direction  logic 
using  the  54H  series  logic  circuitry  is  shown  in  Figure  6-1.  This  simula¬ 
tion  includes  the  input  flip-flop  and  the  one-shot  (monostable)  mechanism. 

Any  discussions  concerning  the  UP-count  logic  are  directly  applicable  to  the 
DOWN-count  logic  since  the  circuits  are  identical. 

The  monostable  portion  of  this  circuit  was  first  analyzed  in 
a  pretest  report  to  determine  its  response  in  the  SFXR  environment.  The 
original  analysis  was  for  implementation  using  the  5400  series  logic. 

The  results  of  the  computer  analysis  of  that  monostable  at  two  different 
dose  rate  levels  anticipated  at  the  SFXR  are  shown  in  Figure  6-2. 

Figure  6-2a  shows  the  normal  operating  condition  at  the  output  when 
switching  at  a  2  MHz  rate.  Figure  6- 2b  shows  the  transient  response  to 
ionizing  radiation  when  the  output  is  in  the  high  state.  The  radiation 
transient  appears  as  an  additional  output  pulse  whose  width  is  a  function 
of  the  radiation  duration.  Figure  6-2c  shows  the  response  to  radiation 
when  the  output  is  in  the  low  state.  The  transient  delays  the  normal 
switching  signal  for  approximately  the  duration  of  the  radiation  pulse 
because  the  gate  remains  in  the  low  state  during  the  radiation  pulse, 
inhibiting  the  R-C  action  of  the  monostable.  After  the  radiation  pulse, 
the  monostable  action  is  again  initiated.  Figure  6-2d  shows  the 
negligible  response  to  a  lower  radiation  dose  rate. 

The  UP-count  direction  logic  as  shown  in  Figure  6-1  uses  the 
54H  series  logic  circuit.  In  normal  operation,  the  one-shot  circuit  is 
activated  by  a  positive  gate  at  node  7.  This  gate  comes  from  the  input 
flip-flop,  which  is  driven  from  the  readout  amplifier  circuit.  The  input 
flip-flop  can  have  four  conditions  at  its  input  (inputs  A  and  B) . 

Assuming  a  normal  UP-count  sequence,  the  following  comments  can  be  made 
concerning  the  predicted  response  with  a  peak  dose  rate  of  lxlO^-2  rads(Si)/s. 
With  A  and  B  in  the  positive  state,  the  input  flip-flop  changed  state. 

Since  all  of  the  gates  drop  to  a  low  state  during  ionization,  the  output 
gate,  which  is  normally  in  the  low  state,  gives  no  false  indications. 
Immediately  after  the  radiation,  the  one-shot  sequence  takes  place  to 
generate  a  35  ns  pulse.  Since  the  logic  gates  perform  normally  after  the 
radiation  burst,  the  pulse  from  the  one-shot  appears  at  the  output  as  an 
UP-count.  When  input  A  goes  to  a  low  state  in  normal  operation,  the  flip- 
flop  will  not  change  state  again  because  it  is  in  the  correct  state  for 
this  set  of  inputs;  hence,  no  UP-count  is  generated.  This  is  of  no 
consequence  because  the  UP-count  pulse  was  initialed  by  the  radiation  burst. 
The  flip-flop  with  any  other  set  of  inputs  returns  to  its  preradiation 
state  and  the  UP-count  direction  logic  operates  normally  without  any  false 
triggering. 
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(a)  Switching  Characteristics 
at  2  MHz 
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(b)  Ionization  Response  of  One 
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(c)  Ionization  Response  of  One 
12 

Shot  for  1  x  10  rads/s 


(d)  Ionization  Response  of  One 
Shot  for  1  x  10^  rads/s 
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Figure  6-2.  5401  One-Shot  Ionization  SFXR  Prediction 
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Test  data  taken  at  the  SFXR  (shot  No.  9  with  y  maximum 
approximately  2  to  4  x  10^  rads (Si) /s)  shows  normal  direction  logic 
operation  resumes  1  to  2  microseconds  after  the  burst  at  the  above 
mentioned  levels.  Because  of  the  large  EMI  signals,  data  during  and 
shortly  after  the  pulse  (less  than  2  ps)  is  not  measurable.  Data 
(Honeywell  FBR  Test  Data)  taken  at  the  FBR  showed  there  were  no 
observable  effects  to  the  direction  logic  from  a  peak  y  rate  of  1  to 
2  x  10®  rads (Si) /s.  These  test  results  support  the  pretest  analysis  and 
indicate  that  the  simulation  model  is  adequate. 
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7.  DIVIDE-BY-16  COUNTER  CIRCUIT 


The  divide-by-16  counter  is  made  up  of  four  flip-flops  with 
their  associated  input  gates.  The  original  design  called  for  an  MCE  54H73 
unit,  but  because  these  parts  were  not  readily  available,  Motorola  recom¬ 
mended  the  54H103,  which  was  used  and  analyzed.  The  schematic  diagram 
of  the  54H103  is  shown  in  Figure  7-1.  The  response  of  the  circuit  simulation 
using  the  SFXR  simulator  radiation  profile  showed  that  the  flip-flop  does 
not  return  to  the  preradiated  state  but  to  a  state  determined  by  noise  or 
by  a  parameter  such  as  beta  mismatch.  This  could  result  in  a  pulse  being 
gained  or  lost.  The  flip-flop  simulation  remained  in  the  preradiation 
state  for  ionizing  radiation  dose  rates  of  up  to  1  x  10^  rads  (si)/s. 
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8.  PULSE  STRETCHER  AND  LINE  DRIVER  CIRCUITS 

The  pulse  stretcher  and  line  driver  circuits  receive  a  35  ns 
pulse  from  the  counter  and  increase  the  pulse  width  to  5  ps.  The  output 
line  drivers  are  used  to  drive  low  impedance  lines  for  monitoring  and/or 
system  interconnects.  The  pulse  stretcher  circuit  is  made  up  of  on  input 
flip-flop  and  the  timing  gates.  The  incoming  35  ns  pulse  from  the  counter 
changes  the  state  of  the  flip-flop  and  initiates  the  timing  mechanism. 
After  the  timing  circuit  has  "timed  out,"  the  input  flip-flop  is  returned 
to  its  normal  state. 

The  UP-count  line  driver  was  modeled  as  shown  in  Figure  8-1. 
The  computer  simulation  showed  that  the  5  ps  monostable  is  dependent  on 
transistor  characteristics  and  not  solely  on  external  components.  The 
timing  circuit  can  be  isolated  as  shown  in  Figure  8-2.  An  approximate 
equivalent  resistance  for  determining  the  time  constant  during  a  charging 
cycle  is : 

11,1  ,  1 

R  ~  6k  2.8k  8  x  470 

eq 

R  £  1.75k  and  RC  =  17.5  ps. 
eq 

Using  Vg]?  of  0.7  volt  nominal  (0.6  minimum  to  0.9  maximum),  the  time  can 
be  determined  using  the  equation 

Vc(t)  =  V(Q18)CE  +  V(Q19)be  +  V(Q20)be  -  Vc(o) 

where 

Vc(t)  =  5 f 1  -  e"t/RC). 

For  these  calculations,  V(Q18)  £  0. 

Solving  for  the  nominal  case,  V  (0)  =  0;  VCQ19),,.,  =  V(Q20)__  =  0.7  volt 

w  BE  BE 

5 [1  -  e"t/RC]  =1.4 

-t/RC  5  -  1.4 
e  = 

t  =  5.8  ps. 
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Worst  case  (low)  V(Q19)BE  =  V(Q20)BE  =  0.6;  Vc(0)  =  0.4 
5 [1  -  e"t//RC-!  =  1.2  -  0.4 


e-t/R0  =  5  _  Qt8 


t  =  3.1  ys. 

Worst  case  (high)  V(Q19)B£  =  V(Q20)BE  =  0.9;  Vc(0)  =  0 


t  =  7.8  ys. 

A  breadboard  line  driver  (two  monostables)  at  Honeywell,  using  standard 
parts,  showed  a  pulse  duration  of  4.8  ys  and  5.3  ys. 

The  radiation  response  of  the  line  driver  is  shown  in 
Figure  8-3.  If  the  output  is  taken  differentially,  the  predicted  output 
will  be  zero  for  approximately  200  ns  with  total  recovery  at  300  ns;  the 
reason  for  zero  output  during  the  radiation  burst  is  due  tc  the  identical 
output  stages  which  respond  to  the  radiation  in  the  same  way.  The  54H 
gates  recover  to  the  preradiation  states  when  the  ionization  goes  below 
the  threshold  level  but  because  of  the  transistor  and  zener  characteristics 
used  in  this  simulation,  total  recovery  is  not  achieved  until  300  ns. 

The  data  for  the  transistors  is  accurate,  but  because  of  lack  of  informa¬ 
tion  on  the  zener  diode,  typical  model  parameters  were  used  corresponding 
to  similar  diodes  used  in  the  SPRINT  program.  The  characteristics  of  these 
zener  diodes  were  high  photocurrents,  approximately  40  ma  at  10^  rads (Si) /s 
and  long  storage  times.  The  storage  time  using  the  same  short  duration 
ionization  pulse  was  approximately  100  ns.  This  delayed  recovery  does  not 
present  any  system  impact.  It  should  be  noted  that  the  monostable  circuit 
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Figure  8-2.  Timing  Circuit 
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did  not  trigger  in  the  computer  simulation  because  the  latching  circuit 
recovered  to  its  preradiation  state.  The  SFXR  test  data  at  levels  of 
1  and  2  x  10-^  rads (Si) /s  (shot  numbers  8  and  9)  indicate  the  flip-flop 
recovered  not  to  the  preradiated  state  but  to  the  triggered  state 
generating  a  false  5  ps  pulse.  Because  there  is  no  preferred  state,  it  is 
not  unreasonable  to  expect  the  flip-flop  to  recover  to  this  state  although 
at  levels  of  5  x  10^  to  1  x  10^0  rads (Si) /s  (SFXR  test  data  shots  6  and  7) 
and  lower,  these  same  units  recovered  to  the  preradiation  state  without 
generation  of  a  false  count.  The  generation  of  a  false  count  during  a  high 
level  gamma  rate  would  not  affect  system  operation  because  the  circumvention 
circuits  of  the  missile  computer  would  be  activated. 

The  UP-count  line  driver  circuit  was  subjected,  in  the  computer 
simulation,  to  the  environment  expected  at  the  FBR  facility  and  was  found 
to  have  no  appreciable  response.  The  change  in  the  output  during  the  burst 
was  only  250  mV.  This  magnitude  will  be  difficult  to  observe  because  the 
normal  output  voltages  are  approximately  +3  volts.  The  decrease  in 
transistor  gains  reduced  the  output  voltage  Swing  at  node  35  from  2.950 
volts  to  2.900  volts,  which  is  insignificant.  The  FBR  tests  showed  no  false 
triggering  or  performance  degradation,  as  noted  in  the  pretest,  analysis. 


Figure  8-3.  Predicted  Radiation  Response  of  Line  Driver 
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9.  START/RESTART  CIRCUIT 

The  laser  gyro  start/restart  circuit  is  shown  in  Figure  9-1. 

If  the  gyro  lasing  current  decreases  in  any  one  of  the  six  legs  of  the  gyro, 
the  54H30  gate  goes  to  a  high  level,  turning  on  the  transistors  that  ground 
the  center  tap  of  the  high  voltage  transformer.  Resistor  R5  represents  the 
transformer  load  that  generates  the  voltage  needed  to  start  the  lasing 
action. 


The  start/restart  circuit  was  found  to  give  a  restart  signal 
during  the  SFXR  test  even  though  the  lasing  action  showed  no  signs  of  ex¬ 
tinguishing.  The  output  of  the  logic  gate  is  normally  in  the  low  state; 
therefore,  any  ionizing  radiation  will  only  enhance  the  logic  state.  The 
discrete  elements  were  modeled  on  the  computer  to  determine  a  possible  cause 
of  the  false  triggering.  The  schematic  is  shown  in  Figure  9-2.  Diodes  Dl, 

D2,  and  D3  are  the  collector-base  junction  of  the  same  type  (2N5107)  of 
transistor  used  as  Ql,  Q2,  and  Q3.  These  diodes  provide  photocurrent  theo¬ 
retically  of  the  same  magnitude  as  that  generated  in  the  collector-base 
junction  of  the  transistor.  If  the  photocurrents  are  identically  matched, 
there  will  be  no  current  available  to  cause  secondary  photocurrent;.  Secondary 
photocurrent  is  the  current  that  flows  in  the  collector  of  the  trunsistor 
that  was  generated  by  primary  photocurrent  flowing  into  the  base.  Generally, 
the  photocurrent  values  are  assumed  to  be  independant  of  bias  voltage,  but 
this  is  not  entirely  true.  Tests  conducted  by  Martin  Marietta  on  a  single 
transistor  using  a  reverse  bias  of  5  and  25  volts  showed  ah  increase  in 
photocurrent  of  30  percent  at  the  higher  bias  level.  The  reverse  bias  on 
diode  D3  and  Q3  is  approximately  0.5  and  5.0  volts,  respectively.  Postulating 
that  this  same  photocurrent  difference  exists  because  of  the  voltage  "atios, 
then  the  photocurrent  of  D3  would  be  115  yA  at  10?  rads  (Si)/s,  instt  *,d  of 
150  yA. 


For  Q3  to  be  ON  completely,  its  collector  current  would  be  340 
mA.  With  a  transistor  gain  of  200,  only  1.7  mA  of  base  current  is  necessary 
to  support  the  340  mA  of  collector  current.  With  a  differential  of  35  pA 
at  10'  rads (Si) /s,  transistor  Q3  will  be  ON  at  5x10^  rads (Si) /s.  The  only 
way  to  ensure  keeping  Q3  OFF  at  levels  up  to  1x10^  rads (Si) /s  would  be  to 
use  a  diode  with  much  more  photocurrent  than  the  transistor. 

Testing  at  the  FBR  facility  indicated  that  the  restart  circuit 
was  triggering  at  the  lower  rate,  not  due  to  the  output  circuit  but  due  to 
the  levels  created  at  the  input  to  the  gate.  It  was  found  that  ionization 
of  transistor  Q5  (Figure  9-1)  caused  the  transistor  photocurrent  to  flow 
through  the  19.6k  resistors  giving  a  false  start  signal.  To  prevent  the 
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photocurrent  from  flowing  through  the  19.6k  resistor,  diode  D4  was  added 
to  provide  an  alternate  path  for  the  photocurrent.  This  modification  should 
prevent  any  false  triggering  of  the  start  circuit  at  low  ionization  rates, 
although  false  triggering  does  not  appear  to  hinder  normal  operation. 


Figure  9-2.  Start/Restart  Circuit  Output 
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10.  +5  VOLT  SWITCHING  REGULATOR 

The  +5  volt  switching  regulator  (Figure  10-1)  provides  the 
supply  voltage  for  the  readout  amplifiers,  the  trigger  circuits,  and  for 
all  the  digital  electronics.  It  provides  approximately  2.5  amperes  of 
current  at  the  regulated  voltage. 

The  regulator  design  was  not  formulated  in  time  to  permit 
incorporation  of  the  computer  simulation  results  in  the  pretest  report  for 
the  SFXR  test.  The  post  test  computer  simulation  response  of  the  +5  volt 
regulator  in  an  SFXR  environment  with  a  peak  dose  rate  of  1x10^  rads (Si) /s 
and  a  pulse  width  of  120  ns  is  shown  in  Figure  10-2a.  The  computed  response 
to  a  peak  dose  rate  of  5x10^  rads (Si) /s  with  the  same  pulse  width  is 
shown  in  Figure  10-2b.  Figures  10-3  and  10-4  are  oscilloscope  presenta¬ 
tions  of  the  +5  volt  regulator  test  data  at  approximately  the  same  dose 
rate  levels  indicated  previously.  There  is  very  good  agreement  between 
the  computer  simulation  and  the  test  data  in  both  the  overall  long  term 
response  (0  to  200  ps)  and  the  short  duration  response  (0  to  2  ps) .  The 
mechanism  that  controls  the  response  of  the  regulator  is  the  discharge 
of  capacitor  C4  (Figure  10-1) .  The  regulator  recovery  time  is  dictated 
by  the  time  required  to  recharge  this  capacitor.  Both  the  SFXR  test  data 
and  computer  simulations  show  that  the  regulator  recovers  completely 
within  200  ps. 

The  +5  volt  switching  regulator  simulation  was  completed  in 
time  to  be  used  for  the  pretest  FBR  analysis.  The  neutron  and  photo¬ 
current  information  of  Table  10-1  was  used  in  the  simulation. 

TABLE  10-1 

Transistor  Forward  Current  Gains  (hp£) 


Device 

hFE^ 

hFE(+> 

(4>  =  IxlO^n/cm3) 

*D 

I  at  10  rads (Si) /s 
PP 

(amperes) 

2N4044 

340 

60 

1.3xl0"16 

65.0xl0~6 

2N2907 

184 

30 

2„9xl0"16 

250.0xl0“6 

2N2222A 

240 

25 

2.6xl0~16 

250.0xl0-6 

2N5107 

200 

50 

1.5xl0~16 

65.0xl0“6 

2N5244 

200 

50 

l.SxlO"16 

lO.OxlO-6 

2N325i 

200 

30 

2.8xl0"16 

120.0xl0~6 

BR100F 

80 

15  (min) 

5.5xl0-16 

4.0xl0~3 
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The  maximum  single  burst  at  the  FBR  is  expected  to  produce 
approximately  5  to  6x10^  n/cm^.  Using  the  damage  equation,  the  transistor 
gains  would  be  reduced  for  the  following  devices  as  shown  in  Table  10-11. 


TABliE  10-11 


Transistor  Gain  Reduction 


Device 

hFE<°> 

hFE«> 

(<*>  =  5xl0^h/cm^) 

hpE(*)/2 

hFE«) 

(<>  =  lxlO^n/cm' 

2N4044 

340 

100 

50 

60 

2N2907 

200 

50 

25 

30 

2N5244 

200 

80 

40 

50 

2N5107 

200 

80 

40 

50 

2N3251 

200 

50 

25 

30 

BR100F 

30 

25 

12.5 

15  (min) 

One  consideration  not  taken  into  account  is  the  transistor 
anneal  characteristics.  Fast  burst  reactor  tests  on  a  G657046  device 
(very  similar  to  a  2N2907)  show  that  the  anneal  properties  are  significant 
in  determining  transient  response  in  the  time  regime  of  the  circuits  in 
question.  Figures  10-5  and  10-6  show  the  transistor  current  gain  as  a 
function  of  time.  The  time  t  =  0  is  approximately  50  ps  after  the  burst. 
Data  earlier  than  this  time  are  difficult  to  obtain  due  to  the  ionization 
of  the  devices.  In  view  of  this  information  it  is  evident  that  the  damage 
equation  is  not  sufficient  in  predicting  post  burst  transistor  gains. 

An  accepted  approximation  to  the  minimum  transistor  gain 
immediately  after  neutron  exposure  is  50  percent  of  the  final  annealed 
value.  This  would  reduce  the  transistor  gains  calculated  by  means  of  t:he 
damage  equation  by  a  factor  of  two.  Since  these  values  are  very  similar 
to  the  neutron  data  taken  at  1x10-^  n/cm^  (Table  10-11)  and  since  much 
data  are  referenced  at  this  level,  it  will  be  assumed  that  the  maximum 
single  burst  neutron  fluence  at  the  FBR  facility  will  degrade  the  transis¬ 
tors  at  the  lxlO^  n/cm2  level. 

The  response  of  the  regulator  to  a  simulated  FBR  environment  is 
shown  in  Figure  10-7.  This  design  had  no  photocurrent  compensation  for  the 
output  transistor. 

The  concern  over  the  output  voltage  of  the  +5  volt  regulator 
rising  to  +7.4  volts  with  a  minimum  input  voltage  of  15  volts  is  that  both 
Motorola  and  Texas  Instruments  have  7.0  volt  absolute  maximum  specifica¬ 
tions  for  the  digital  logic  supply  voltage.  Although  the  ionization  of 
circuits  connected  to  the  +5  volt  supply  will  tend  to  reduce  the  output 
rise,  it  is  not  possible  to  remain  below  the  7.0  volt  level  over  the  entire 
input  voltage  range  of  15  to  40  volts  with  the  present  design. 
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Figure  10-5.  Transistor  Current  Gain  -  Bursts  2  and  3 


Normalized  Input  Ionization  +5  Volt  Regulator 

Gain  x  108  'V  rad/s  Output  'vvolts 


(b) 

Figure  10-7.  Predicted  Response  of  +5  Volt  Regulator 
at  FBR  (15  Volt  Input) 
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The  output  stage  was  photocurrent  compensated  and  the  simula¬ 
tion  was  repeated.  The  x-c^ponse  is  illustrated  in  Figure  10-7.  The  output 
rise  to  6.4  volts  with  a  minimum  input  voltage  of  15  volts  leaves  approxi¬ 
mately  0.5  volt  safety  margin.  The  predicted  response  of  the  +5  volt 
regulator  in  an  FBR  environment,  with  several  different  supply  voltages,  is 
shown  in  Figure  10-8.  The  simulated  ionization  waveform  and  neutron 
degradation  profile  are  also  shown  in  the  figure  for  reference.  The 
ionization  of  the  output  transistor  Q4  (Figure  10-1)  during  the  radiation 
burst  causes  the  load  to  be  connected  directly  to  the  source  voltage,  hence 
the  wider  the  ionization  pulse,  the  higher  the  output  voltage.  Also,  with 
higher  supply  voltages  and  a  fixed  ionization  pulse  width,  the  higher  the 
output  voltage  rise.  With  a  17.5  volt  supply,  the  predicted  peak  output 
was  7.5  volts  and  with  a  40  volt  supply,  the  output  peak  increased  to 

15.5  volts. 


The  test  data  of  +5  volt  regulator  No.  2  for  burst  No.  9  is 
shown  in  Figure  10-9.  The  peak  output  amplitude  is  approximately  8  volts 
with  a  300  microsecond  duration.  This  agrees  very  well  with  the  predicted 

7.5  volt,  300  microsecond  response  of  Figure  10-8.  Because  the  peak 
transient  is  primarily  determined  by  ionization,  the  +5  volt  regulator 
No.  2  responded  similarly  for  bursts  9  through  12.  The  initial  voltage 
before  burst  9  was  4.6  volts,  and,  with  a  total  neutron  accumulation  of 
the  four  bursts,  the  output  increased  to  5.4  volts. 

The  rise  of  the  +5  volt  regulator  in  the  FBR  test  to  values 
greater  than  7,0  volts  produced  the  possibility  that  the.  digital  electronics 
elements  could  be  damaged.  Although  the  regulator  had  peak  value  responses 
of  8  to  9  volts  with  no  logic  element  failures,  an  extensive  analysis 
effort  was  initiated  to  eliminate  the  problem. 

The  +5  volt  regulator  was  again  analyzed  considering  only 
ionization  effects.  The  input  ionization  waveform  used  was  a  triangular 
pulse  of  120  ys  duration  with  a  peak  dose  rate  of  5x10°  rads (Si) /a. 

The  response  of  the  original  design  to  this  waveform  with  a  17.5  volt 
input  is  shown  in  Figure  10-10  Also  shown  in  Figure  10-10  is  the  response 
of  the  regulator  with  no  photocurrc  .  compensation  whatsoever.  From  the 
figure,  it  can  be  seen  that  the  peak  response  without  compensation  is 
8.25  volts  and  is  7.5  volts  with  fill.'  compensation.  Photocurrent  compensa¬ 
tion  transistors  Q18,  Q12,  Q13,  Q15,  Q14,  and  Q7  were  then  removed  and 
the  simulation  was  repeated.  The  output  peak  was  still  approximately 

7.5  volts,  which  is  still  unacceptable.  The  removal  of  these  photocurrent 
compensating  transistors  (see  Figure  10-11  for  the  schematic  of  this 
configuration)  resulted  the  same  response.  This  indicates  that  the 
response  is  primarily  controlled  by  the  output  stages. 

At  the  output,  transistor  Qll  provides  compensation  for  Q3, 
transistor  QJ2  provides  compensation  for  Q2  and  Ql,  and  transistor  Q13 
provides  photocurrent  compensation  for  Ql.  Transistor  Q13  also  provides  a 
path  for  photocurrent  for  transistor  Q7  so  that  this  current  does  not  flow 
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Figure  10-8.  Predicted  Response  of  +5  Volt  Regulator  for  FBR  Environment 
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Figure  10~9.  +5  Volt  Regulator  No.  2.  Response  to  FBR  Burst  9 
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Figure  10  10.  Computer  Simulation  of  +5  Volt  Regulator  with 
Ionization  Input  Only  (17.5  Volt  Input) 
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through  resistor  Rl.  The  by-passing  of  the  2k  resistor  (Rl)  by  providing 
enough  photocurrent  from  Q1  is  most  important  in  keeping  the  driver  stage 
from  turning  ON.  Using  the  photocurrent  values  shown  in  Table  10-III  and 
using  the  same  ionization  waveform,  the  response  of  the  regulator  remained 
OFF  during  the  radiation  with  a  turn-ON  peak  rise  to  5.5  volts  as  shown 
in  Figure  10-10. 

TABLE  10-III  •  '  .. 

Photocurrent  Values  Used  for  Simulation  of  Figure  10-11. 


Transistor 

I  at  107 

ppc 

rads (Si) /s 

Q1 

120 

pA 

Q2 

65 

PA 

Q3 

4 

mA 

Compensators 

Qll 

6 

mA 

Q12 

0.5 

mA 

Q13 

1.0 

mA 

Transistor  models  were  used  in  the  computer  simulation  for  convenience  but 
appropriate  diodes  can  be  used  for  the  actual  circuit  compensation. 

An  explanation  for  the  photocurrent  compensation  technique 
proposed  by  Martin  Marietta  ar.d  based  upon  the  computer  simulation  results 
can  best  be  explained  using  Figure  10-12.  Figure  10-12  represents  the 
power  stage  (taken  from  Figure  10-11)  that  acts  as  an  on-off  switch  on 
command  from  the  control  portion  of  the  regulator.  To  keep  transistor  Q3 
from  turning  ON  during  radiation,  assuming  the  previous  stage  remains  OFF, 
an  alternate  path  for  the  junction  photocurrent  is  necessary.  Without  an 
alternate  path,  the  junction  photocurrent  will  flow  through  R2  (51  ohms) 
forward  biasing  the  transistor.  This  photocurrent  will  also  flow  into  the 
base  and  generate  a  collector  current  proportional  to  the  base  current 
(i.e.,  Icr'hpE  x  Ig) .  The  photocurrent 
a  collector  current  of  2.5  amperes  is: 

I 

ppc 


necessary  to  turn  ON  Q3  and  support 

0.7  2.5 

R1  hpE3 

65  mA. 
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Figure  10-12.  Power  Stage 
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The  minimum  photocurrent  generated  by  a  gamma  rate  of  5x10  rads(Si)/s 
for  the  BR1Q0F  is  200  mA.  An  alternate  path  ;for  the  photocurrent  is 
provided  by  including  a  diode  (or  transistor)  from  node  8  to  ground  with 
enough  .photocurrent  capability  (i.e..v  6  MA  at  10^  rads(Si)/s  versus 
4.0  mA  for  the  output  transistor)  to  keep  Q3  OFF.  Assuming  the  previous 
stage  is  OFF  arid  the  output  is  compensated.*  it  can  be  seen  (Figure  10-13) 
from  the  computer,  simulation  that  there  is  not  enough  current  for  the 
generation  of  sufficient  VgE  to  turn  the  transistor  ON,  much  less  provide 
enough  base  current  to  support  a  large  collector  current. 

The  same  analogy  can  be  used  for  the  previous  stage  (transistor 
Q2)  except  that  there  are  photocurrents  from  both  Q1  and  Q2  to  consider. 

The  photocurrent  necessary  to  turn  ON  Q2  is  approximately: 


Figure  10-13.  Photocurrent  Alternate  Path 
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Using  a  diode  from  node  6  to  ground  and  providing  enough  photocurrent 
compensation  capability  for  both  transistor  Q2  and  Ql,  transistor  Q2  can 
be  held  OFF  during  the  ionization  time.  Figure  10-14  shows  the  current 
distributions  from  the  computer  simulation. 


Using  the  same  reasoning  for  transistor  Ql,  taking  into  account 
that  it  is  also  necessary  to  provide  photocurrent  compensation  to  override 
any  ON  command  from  the  control  portion  of  the  regulator  (i.e.,  transistor 
Q7  of  Figure  10-11),  a  diode  was  included  from  node  2  to  node  5. 

The  current  distribution  in  the  circuit  from  the  computer 
simulation  is  shown  in  Figure  10-15. 


Figure  10-15.  Photocurrent  Distribution  -  Ql  OFF 
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Using  the  photocurrent  compensation  technique  thus  described, 
the  +5  volt  regulator  computer  simulation  gave  the  results  shown  in 
Figure  10-16.  The  peak  voltage  remained  well  below  the  7  volt  maximum. 
This  superior  performance  is  the  direct  result  of  keeping  the  power  stage 
OFF  during  the  ionization  pulse.  Because  the  stage  is  OFF  during  the 
ionization  pulse,  the  radiation  response  should  be  fairly  independent  of 
input  voltage. 


tO 


Figure  10-16.  +5  Volt  Regulator  Response  to  Long  Ionization  Pulse  using 

Martin  Marietta  Photocurrent  Compensation  Technique 
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The  maximum  input  of  40V  was  then  considered.  To  determine  the 
maximum  peak  response,  the  initial  conditions  had  the  power  stage  in  the  ON 
condition  at  the  start  of  the  ionization  pulse.  This  is  a  worst  case  con¬ 
dition  because  the  photocurrent  compensation  had  to  drive  the  power  stage 
OFF  from  an  ON  condition  instead  of  just  keeping  the  stage  OFF.  The  results 
of  this  simulation  is  shown  in  Figure  10-16  along  with  the  response  from  a 
17.5  volt  input.  Since  the  mechanism  is  understood,  it  should  be  just  a 
matter' of  selecting  the  appropriate  compensating  diodes;  however,  further 
tests  should  be  made  to  verify  the  technique. 

A  word  of  caution  in  the  use  of  photocurrent  compensation  is 
necessary  at  this  time.  The  statement  made  concerning  "adequate',' 
compensation  does  not  mean  to  imply  "indiscriminant  over compensation." 

This  is  to  say  that  with  a  low  background  ionization  level  and  the  use  of 
"over compensation"  in  any  of  the  above  mentioned  stages,  it  might  be 
possible  to  override  a  normal  regulation  command  resulting  in  complete 
regulator  shutdown. 
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The  test  data  of  +10  volt  regulator  No.  1  for  bursts  5  through 
8  are  shown  in  Figure  11-3.  Eaih  of  these  responses  agrees  very  well  with 
the  predicted  response  of  Figure  11-2,  as  to  peak  output,  minimum  output, 
and  recovery  time.  Table  11-11  summarizes  the  data  presented  in  Figure  11-3. 

The  test  data  of  +10  volt  regulator  No.  2  for  bursts  9  through 
12.  are  shown  in  Figure  li-4.  A  power  failure  at  the  tape  recorder 
prevented  the  burst  11  data  from  being  recorded.  Transient  responses  for 
this  regulator  agree  fairly  well  with  the  predicted  response.  Table  li-XII 
summarizes  the  data  presented  in  Figure  11-4. 

TABLE  11-11 


+10  Volt  Regulator  No.  FBR  Results  /.  Jr 


Initial 

Peak 

Minimjm 

Final 

Recovery 

Time 

Burst 

Voltage 

Voltage 

Voltage 

Voltage 

(ps) 

5 

9.0 

11. 1 

7.5 

8.2 

300 

6 

8.2 

10.4 

6.3 

7.2 

550 

7 

8.8 

12.0 

7.8 

8.8 

500 

8 

3.6 

12.4 

7.8 

8.6 

500 

+10 

TABLE  11- 

Volt  Regulator  No 

III 

.  2  FBR  Results 

Initial 

Peak 

Minimum 

Final 

Recovery 

Time 

Burst 

Voltage 

Voltage 

Voltage 

Voltage 

(us) 

9 

8.6 

9.3 

7.8 

8.6 

400 

10 

8.5 

1G.2 

7.5 

8.5 

400 

11 

- 

- 

- 

- 

- 

12 

9.8 

11.3 

8.4 

9.8 

500 

Table  11-11  shows  that  there  was  a  significant  shift  in  the 
output  voltage  (final  value  versus  initial  value)  in  bursts  5  and  6  and 
between  bursts  6  and  7.  In  Table  ll-III,  similar  changes  occurred  in 
burst  11.  This  shift  can  only  have  been  caused  by  a  change  in  the  absolute 
value  of  the  voltage  at  node  15  (Figure  11-1)  or  by  a  shift  in  the  voltage 
difference  between  nodes  15  and  10.  Assuming  all  resistors  remained 
unchanged,  a  change  in  the  voltage  at  node  15  can  be  attributed  only  to  a 
shift  in  the  V-I  curve  of  the  3.3  volt  Zener  diode.  A  change  in  the  voltage 
of  node  15  is  reflected  as  a  change  in  the  output  voltage  of  three  times 
this  magnitude.  A  shift  in  the  voltage  of  node  15  relative  to  node  10 


Z9080"  dOlOb'R 

voi.  n 


Burst  5 

Burst  6 

Burst  7 

Burst  8 

Time  *  microseconds 


tun 


Time  *  microseconds 


Figure  11-3.  +10  Volt  Regulator  No.  1  Response  to  FBR  Bursts  5  through  8 
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Note:  The  response  from  Burst  11  was  not  recorded  because  of  a 
recorder  power  failure. 


Time  *  microseconds 


Figure  11-4.  +15  Volt  Regulator  No.  2  Response  to  FBR  Bursts  9  through  12 
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can  only  be  caused  by  a  Vgi?  change  in  Q4  or  Q5.  Since  these  transistors 
are  two  halves  of  a  monolithic  device,  a  significant  change  in  one, 
unmatched  by  the  other,  is  not  likely.  Nevertheless,  a  change  here  is 
reflected  as  a  change  in  the  output  voltage  of  six  times  the  amplitude. 

The  output  of  +10  volt  regulator  No.  2  following  burst  10 
shows  very  erratic  behavior.  Since  the  data  from  burst  11  was  not  recorded, 
and  since  the  regulator  performed  properly  both  before  and  after  burst  12, 
this  behavior  must  remain  unexplained. 

The  computer  simulation  of  the  +10  volt  regulator  in  an  SFXR 
environment  with  a  peak  dose  rate  of  1x109  rads (Si) /s  and  a  pulse  width 
of  120  ns  is  shown  in  Figure  11-5.  Te&t  data  for  approximately  this 
same  dose  rate  is  shown  in  Figure  11-6,  The  measured  dose  rate  over  the 
area  occupied  by  the  regulator  varied  from  1.0  to  1.5x10^  rads (Si) /s. 

There  is  excellent  agreement  between  the  computer  simulation  and  the  test 
results. 


The  predicted  response  for  a  peak  dose  rate  of  5x10  rads (Si) /s 
is  shown  in  Figure  11-7.  The  tantalum  capacitors  Cl,  C2,  and  C3  uere 
discharge  30  percent,  corresponding  to  1  percent  per  1000  rads (Si),  in  the 
simulation.  This  caused  the  instantaneous  voltage  decrease-  Recovery  time 
is  governed  by  the  time  required  to  recharge  C5  and  C6. 

Test  24  data  are  shown  in  Figure  11-8.  The  simulation  matches 
both  the  initial  voltage  drop  and  the  recovery  transient  very  well.  The 
peak  dose  cate  varied  from  2.0  to  4.1x10^*  rads(Si)/s  over  the  regulator 
area.  Test  27  data  are  shown  in  Figure  11-9.  Recovery  time  is  similar 
to  the  simulation,  but  the  initial  voltage  decrease  is  greater  than  pre¬ 
dicted.  The  peak  dose  rate  varied  from  4.0  to  6.6xl0H  rads (Si) Is  over 
the  regulator  area. 
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Figure  11-7.  Predicted  Response  of  +10  Volt  Regulator  for 
an  SFXR  Dose  Rato  of  5x10^  rads(Si)/s 
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12.  DC-TO-DC  CONVERTER  AND  HIGH  VOLTAGE  POWER  SUPPLY 

The  dc-to-dc  converter  provides  the  +2000  volts  necessary  to 
start  the  lasing  action  and  also  furnishes  the  -1000  sustaining  voltage. 
The  input  to  the  dc-to-dc  converter  is  the  +10  volts  from  the  +10  volt 
regulator. 


The  circuit  shown  in  Figure  12-1  was  analyzed  under  the 
following  conditions  of  operation: 

JL  Without  radiation  environment.  The  start  switch  was 
closed  20 'microseconds  after  T0,  and  was  opened  after  an 
additional  120  microseconds  at  T  =  140  microseconds. 

2  In  a  radiation  environment.  The  action  of  the  start 
switch,  described  above,  was  synchronized  with  the 
beginning  and  ending  of  the  radiation  pulse  (see  Figures 
12-2  through  12-5).  Test  data  have  shown  that  the  start 
circuit  would  be  energized  by  the  radiation  pulse. 

Results  of  the  computer  analysis  are  shown  in  Figures  12-2 
through  12-5.  The  radiation  profile  and  start  switch  action  are  shown 
in  each  figure  for  convenient  reference. 

Figure  12-2  shows  that,  during  normal  operations,  initiation 
of  the  start  circuit  causes  the  collector  of  Q2  to  stay  at  +10  volts  for 
approximately  80  microseconds  (T  =  20  to  T  =  100)  or  about  3  cycles  of 
operation.  Although  not  shown,  the  same  behavior  was  observed  at  the 
collector  of  Ql.  Loading  of  transformer  T1  during  the  start  period 
deprives  the  transistors  of  the  induced  10  volt  primary  voltage  which 
normally  adds  to  the  supply  voltage.  Since  both  collectors  go  to  +10 
volts,  the  base  drive  through  transformer  T2  drops  to  0  and  turns  off 
both  transistors. 

For  the  radiation  response,  the  collector  of  Q2  rises  to 
+20  volts  during  the  start  interval.  Although  not  shown,  the  Ql  collector 
fell  to  0.2  volt  during  the  same  interval.  The  turning-on  of  Ql  accounts 
for  the  10  volt  boost  added  to  Q2  collector  voltage  and  provides  an 
induced  voltage  at  the  base  of  Q2  which  keeps  it  in  the  active  region  for 
a  short  period  of  time.  This  yields  a  peak  collector  current  of  6  amperes 
in  Q2  and  is  reflected  in  the  120  watts  of  peak  power  shown  in  Figure  12-3. 
The  HFE  of  transistor  Ql  was  made  higher  than  that  of  Q2  in  the  compute'-  run, 
thus  making  it  respond  to  radiation  induced  photocurrents  before  Q2. 


Z9080-3010FR 
Vol.  II 


Figure  12-1.  Laser  Gyro  High  Voltage  Supply 
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L2-3.  Converter  Response  -  Transistor  Power  versus  Time 
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Figure  12-2  shows  that  the  normal  circuit  response  recovers 
completely  after  100  microseconds.  The  radiation  response  recovery 
is  complete  after  approximately  240  microseconds. 

Figure  12-4  shows  that  the  radiation  transient  at  the  start 
voltage  terminal  (node  17  i*a  Figure  12-1)  is  a  double-humped  waveform  with 
peaks  at  36  microseconds  (800  volts)  and  100  microseconds  (1500  volts). 

The  normal  circuit  response  is  about  1800  volts  after  a  70  microsecond 
delay.  This  voltage  decays  slowly  to  0  after  opening  of  the  start  switch. 

Figure  12-5  shows  that  under  normal  circumstances  the  -1000 
volt  supply  is  affected  only  slightly  by  operation  of  the  start  switch. 
During  radiation,  however,  the  voltage  drops  to  approximately  95  percent 
of  its  peak  value  over  a  period  of  300  microseconds.  Since  the  converter 
is  functioning  normally  at  this  time  (approximately  240  microseconds) , 
the  recovery  time  to  the  steady  state  condition  is  dictated  only  by  the 
RC  time  constant  of  the  filter. 

The  high  voltage  supply  decreased  after  every  exposure  at  the 
FBR  test  facility.  Because  the  dc-to-dc  converter  and  high  voltage 
supplies  are  an  open  loop  system,  any  decrease  in  performance  in  the  loop 
is  reflected  by  a  decrease  in  output  voltage.  To  provide  better  circuit 
performance  and  better  high  voltage  regulation,  the  dc-to-dc  converter 
and  high  voltage  power  supply  were  redesigned.  The  output  of  the  supply 
was  monitored  and  fed  back  to  the  +10  volt  regulator.  In  this  way,  any 
chauge  in  the  output  of  the  converter  would  be  compensated  by  a  change  in 
the  input  voltage. 

The  revised  dc-to-dc  converter  circuit  was  tested  during  the 
FBR  test  of  7  February  1972  at  White  Sands  Missile  Range.  Results  of  this 
test  are  shown  in  Appendix  C.  Figure  C-l  of  the  appendix  shows  the  circuit 
schematic  and  associated  monitoring  points.  Response  at  the  output 
terminals  generally  consisted  of  a  transient  excursion,  achieving  a  maximum 
value  at  the  end  of  the  nuclear  burst,  followed  by  a  transient  recovery 
period  and  then  by  a  long  term  recovery  period  (Figure  12-6).  The  converter 
response  at  the  -1000V  terminal  and  the  reference  voltage  terminal  is 
summarized  in  Table  12-1.  Both  the  transient  excursion  and  the  post  burst 
voltages  are  expressed  as  percent  deviation  from  the  initial  terminal 
voltages  (measured  previous  to  exposure) . 

The  revised  circuit  (Figure  C-l,  Appendix  C)  was  simulated 
in  the  TRAC  program  and  produced  the  current  and  voltage  waveforms  which 
were  expected  under  normal  operating  conditions.  When  subjected  to  a 
radiation  pulse  in  the  TRAC  program,  the  model  produced  transient  excursions 
at  the  outputs  as  shown  in  Table  12-11.  Since  these  disturbances  were 
so  much  smaller  than  those  experienced  during  the  hardware  test,  no  attempt 
was  made  to  determine  long  term  recovery  values. 
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Figure  12-6.  General  Form  of  Nuclear  Response  at  the  Output  Terminals 


TABLE  12-1 


DC-to-DC  High  Voltage  Converter  Radiation  Test  (7  February  1972)  Results 


Output 

Terminal 

-1000V 

VREF 

-1000V 

V 

REF 

-1000V 

v 

REF 


Pre- 

Radiation  Transient 

(Volts)  (Percent) 

Burst  1 

-1090  -74.0 

12.6  -13.3 

Burst  2 

-1001  -80.6 

12.2  -12.3 

Burst  3 


-969  -66.7 

12.02  -7.0 


Post  Burst 
(Percent) 


-8.2 

-3.2 


-3.2 

-1.47 
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TABLE  12-11 

DC-to-DC  High  Voltage  Converter  TRAC  Simulation  Results 


Output 

Terminal 

-1000V 

V 

REF 


Pre- 

Radiation 

Output 

-900 

-10.0 


Transient 

(Percent) 

2.3 

5.2 


The  computer  simulation  of  the  dc-to-dc  converter  and  high 
voltage  power  supply  under  normal  operating  conditions  performed  satis¬ 
factorily.  The  computer  simulation  of  the  radiation  response  was  not  as 
successful.  The  large  decrease  in  output  voltage  was  not  evident  nor  was 
the  wave  form  distortion  of  the  switching  transistors.  A  large  portion  of 
the  discrepancies  can  be  attributed  to  insufficient  modeling  data  in  the 
following  areas : 

1  Output  transformer  -  Reasonably  good  data  were  available 
for  the  core  material  in  the  output  transformer,  but  the 
model  itself  is  somewhat  inadequate  in  that  it  contains 
no  direct  means  of  simulating  an  air  gap.  To  adjust  the 
response  for  the  expected  remote  saturation  characteristic, 
the  core  length  of  the  model  was  made  much  longer  than  that 
of  the  hardware.  This  adjustment  was  somewhat  arbitrary 
but  could  be  corrected  by  laboratory  measurement  of  the 
actual  current  required  to  saturate  the  core. 

2:  Transistors  -  While  the  transistors  are  well  characterized 
in  most  respects,  there  aic  no  data  available  on  saturation 
resistance  during  radiation.  Data  must  be  obtained  at  the 
particular  operating  point  of  the  device,  since  RsaT  is  a 
strong  function  of  junction  temperature. 

.3  High  voltage  diode  and' 'capacitor  models  -  No  radiation  data 
were  available  on  the  performance  of  the  Unltrode  652-745 
diode  or  the  high  vo.1  tage  ^capacitors  used  in  the  doubler 
circuits.  The  lack  of  data  on  high  voltage  supplies  in  a 
radiation  environment  points  at  an  area  for  future  work. 
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APPENDIX  A 

NUCLEAR  RADIATION  HARDNESS  ASSURANCE 
FOR 

ELECTRONICS 

This  Appendix  is  Section  4  of  the  Final  Report  published 
30  May  1970  by  the  Navigation  and  Control  Division,  Bendix  Corporation, 
under  contract  F04701-69-C-0170,  Part  B,  for  Space  and  Missile  Systems 
Organization,  Norton  AFB,  San  Bernardino,  California. 
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APPENDIX  A 

4.0  LONG  PULSE  IONIZING  RADIATION  HARDNESS  ASSURANCE 

4.1  GENERAL 

The  objective  of  this  task  was  to  investigate  screening 
techniques  for  the  radiation  response  of  hardened  power  transistors  to 
long  pulse  transient  ionizing  radiation.  The  25  MeV  Linear  Electron 
Accelerator  (LINAC)  at  the  White  Sands  Missile  Range  was  used  to 
irradiate  25  transistors  with  5  microsecond  pulses  of  electrons.  The 
test  devices  consisted  of  5  each  from  wafers  with  two  different  junction 
area  geometries  and  two  different  epitaxial  thicknesses.  The  remaining 
5  transistors  were  taken  from  the  first  neutron  test  to  evaluate  the 
response  of  transistors  with  short  collector  region  lifetimes.  Each 
group  of  5  transistors  was  exposed  to  four  dose  rates  between  10?  and 
109  R/s.  The  transistor  photocurrent  responses  from  the  pulse  transient 
ionizing  radiation  were  compared  with  gross  predicted  responses  based 
on  the  electrical  and  physical  measurement  data.  The  predictions  showed 
correlation  with  collector  volume  and  diffusion  volume  within  the  limita¬ 
tions  of  measurement  resolution  and  radiation  dosimetry  (about  30  percent). 
On  production  lines  where  processing  variables  are  controlled  to  less 
than  30  percent  variation,  long  pulse  screening  measurements  for  each 
transistor  are  unnecessary  once  gross  predictions  have  been  made  and 
verified  on  a  small  test  sample. 


4.2  THEORY 


The  prediction  technique  employed  in  this  investigation  was 
derived  from  the  steady  state  primary  photocurrent  equation:  Ip.j  =  y  G  V 
Ipp  is  the  primary  photocurrent  in  pa  which  flows  across  the  collector- 
base  junction,  y  is  the  rate  of  ionizing  radiation  in  R/s.  G  is  the 
bulk  current  generation  rate  which  is  silicon  is  6.4  pA/(cm^  -  R/s).  V 
is  the  effective  volume  in  cm^  from  which  generated  carriers  flow  to  e 
the  junction.  If  the  collector  diffusion  length  (L)  is  less  than  the 
epitaxial  layer  thickness  we  use  the  .equation 


PP 


=  y  G  A 


CB 


l<y2>  +  <eAcb/ccbo)  +  L1 


(4-1) 


Where  Agg  is  area  of  the  collector-base  junction  in  cm4,  r.  is  the  radius 
of  the  collector-base  junction  edge  or  approximately  the  base  diffusion 
depth  (cm).  The  function  eACB/CCB0  equals  the  collector-base  junction 
depletion  width,  e  is  a  dielectric  constant  in  farads  per  centimeter.  C 
is  the  capacitance  of  the  collector-base  junction.  Since  the  collector  C^° 
width  is  dependent  on  the  epitaxial  layer  thickness  in  an  epitaxial 
transistor,  the  equation  for  the  case  where  the  epitaxial  thickness  is 
small  compared  to  the  diffusion  length  is 
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G  acb 


<TepI  '  rj/2) 


(4-2) 


8 

Tepi  is  the  thickness  of  the  epitaxial  layer.  The  relationship  at  10  R/s 
between  epitaxial  thickness,  collector  area,  and  primary  photocurrent  is 
shown  in  Figure  4-1.  Plotted  on  the  same  figure  are  the  area  lines  for 
both  types  of  test  transistors  (BR200  and  BR100).  The  graph  also  shows 
the  physical  parameter  data  for  each  of  the  four  groups  (wafers  A  and  B 
for  the  BR200,  and  E  and  D  for  the  BR100)  of  transistors  not  previously 
subjected  to  neutrons. 


4.3  EXPERIMENTAL  INVESTIGATIONS 


The  test  fixtures  and  instrumentation  for  the  long  pulse 
transient  ionizing  radiation  studies  were  designed  to  keep  noise  pick-up 
from  the  LINAC  to  a  minimum.  A  double  shield  was  provided  for  the  test 
transistors  and  read-cut  circuitry.  Two  current  probes  were  used  to 
sense  the  photocurrent  at  the  collector  and  base  of  each  transistor. 

The  emitter  was  left  open.  The  test  circuit  is  shown  in  Figure  4-2.  The 
probe  pairs  were  placed  adjacent  to  each  other  to  keep  their  noise 
pickup  as  near  the  same  as  possible.  They  were  connected  to  provide 
photocurrent  outputs  of  opposite  polarity.  When  the  two  probes  are 
monitored  with  the  differential  preamplifier  in  an  oscilloscope  the  noise 
is  subtracted  and  photocurrent  is  added.  The  resulting  waveform  displays 
twice  the  actual  photocurrent  with  very  little  superimposed  noise. 

Each  group  of  5  transistors  was  mounted  in  the  fixture  on  a 
5  centimeter  radius  circle.  A  photodiode  was  used  to  align  the  center  of 
the  circle  with  the  electron  beam  axis.  The  distances  from  the  beam 
port  were  located  with  the  use  of  the  quick  readout  type  of  chip 
thermolumii  .escent  dosimeter  (TLD) .  Calibration  dosimetry  data  were  taken 
for  each  f.  xture  position  at  the  beginning  and  end  of  the  series  of 
tests.  This  was  done  by  mounting  five  lithium  fluoride  TLD's  at  the 
transistor  locations  and  exposing  them  to  a  series  of  pulses.  The 
accuracy  of  the  TLD's  is  generally  considered  to  be  +20  percent. 

Figure  4-3  shows  typical  waveforms  as  observed  on  the 
oscilloscope  during  the  test.  These  waveforms  are  of  the  photocurrents 
taken  at  approximately  0.8  x  10®  R/s.  The  photocurrent  response  closely 
duplicated  the  radiation  source  pulse  waveshape. 

A  total  of  25  transistors  were  tested.  These  were  divided 
into  5  groups  of  5  transistors  each.  Two  groups  consisted  of  BR100  type 
of  transistors;  one  with  0.9  mils  and  the  other  with  1.1  mils  epitaxial 
layer  thickness.  Another  two  groups  consisted  of  BR100  transistors 
with  the  same  epitaxial  thickness  as  the  BR200's.  The  BR200's  have  an 
area  1.85  times  that  of  the  BRIQO's  as  noted  on  Figure  4-2.  The  fifth 
group  was  composed  of  five  BR100  transistors  that  were  irradiated  in  the 
first  neutron  test.  Two  of  these  devices  had  diffusion  lengths  of  5.8  pm 
while  the  other  three  had  10.6  pm. 
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This  combination  of  devices  was  selected  to  demonstrate  the 
validity  of  the  relationship  stated  in  equations  4-1  and  4-2  for  power 
transistors  subjected  to  long  pulse  radiation. 

A  summary  of  the  test  device  parameters  of  importance  follows. 


Group 

Area  (cm2) 

Epitaxial 
Thickness  (pm) 

Diffusion 
Length  (pm) 

BR100  Wafer 

D 

2.22xl0-2 

21.8 

>  100 

BR100  Wafer 

E 

2. 22x10" 2 

27.7 

>  100 

BR200  Wafer 

A 

4. 11x10" 2 

28.4 

>  100 

BR200  Wafer 

B 

4. 11x10“ 2 

22.2 

>  100 

BR100  Wafer 

E 

2.22xl0~2 

27.7 

10.6 

BR100  Wafer 

E 

2. 22xl0~2 

27.7 

5.8 

The  predicted  and  actual  photocurrent  responses  of  these 
devices  as  a  function  of  dose  rate  are  shown  in  Figures  4-4  to  4-3. 
Photocurrent  measurements  were  made  at  V^g  =  20  volts  except  where  noted. 
Ipp  is  linear  with  dose  rate  until  about  10^  R/s  depending  on  the 
particular  device)  then  secondary  photocurrent  generation  takes  place 
as  indicated  by  the  rapid  nonlinear  change  shown  dashed  in  the  figures. 
Secondary  photocurrent  appears  even  with  the  emitter  terminal  open 
because  of  base-emitter  junction  breakdown.  These  photocurrents  are 
voltage  dependent  as  shown  on  the  figure;  they  can  be  eliminated  by 
reducing  the  supply  voltage  to  avoid  base-emitter  junction  breakdown. 
These  results  agree  with  the  model  presented  by  Habing  and  Wirth.-^ 

As  noted  by  the  response  curves,  the  predicted  Ipp's  are  in 
good  agreement  with  the  actual  Ipp's.  The  highest  photocurrent  measured 
at  10^  R/s  was  approximately  90  mA  for  the  BR200  with  28.4  pm  epitaxial 
thickness.  This  is  27  percent  above  the  predicted  Ipp  of  71  mA.  Most 
of  this  difference  is  attributed  to  secondary  photocurrent  which  starts 
to  flow  just  before  10^  R/s.  An  additional  source  of  photocurrent  could 
be  one  diffusion  length  into  the  high  doped  collector  region,  which  was 
neglected  }n  the  prediction. 

The  ratio  of  the  photocurrant  response  of  the  BR200  to  BR100 
transistors  where  the  devices  had  the  same  collector  widths  was  1.36. 

This  compares  with  an  area  ratio  of  1.35.  This  is  27  percent  lower  than 
would  be  expected  when  prediction  is  based  on  effective  collector  volume. 
Among  the  transistors  tested  with  the  same  areas  but  nominal  collector 
widths  having  a  ratio  of  1.28,  there  was  no  detectable  difference  in 
photocurrents  of  the  large  collector  area  devices.  The  smaller  collector 
area  transistors,  however,  indicated  a  photocurrent  response  with  a  ratio 
of  1.12  which  is  hardly  detectable  in  the  data  spread  that  was  as  high 
as  +30  percent.  Of  20  devices  which  had  collector  widths  much  less  than 
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Figure  4-6.  Photocurrent  Response  of  Neutron-J.rradiated  Transistors 
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Figure  4-8.  Photocurrent  Response  to  Transistors  BR200,  Slice  B 
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their  collector  diffusion  length  no  significant  change  in  primary  photo¬ 
current  could  be  detected  due  to  power  supply  voltage  change.  The  lack 
of  voltage  dependency  in  primary  photocurrents  supports  the  theory 
that  an  epitaxial  layer  thickness  limited  collector  volume  does  not  vary 
with  a  change  in  the  width  of  depletion  region  of  the  collector-base 
junction. 


For  the  five  devices  with  diffusion  lengths  less  than  the 
epitaxial  thickness,  predictions  of  primary  photocurrents  based  on  a 
measurement  of  lifetime  in  the  collector  were  extremely  good.  These 
devices  displayed  a  slight  voltage  dependence  as  expected.  Three  units 
having  diffusion  lengths  of  approximately  10.6  microns  displayed  a 
photocurrent  increase  of  10  percent  with  the  junction  voltage  change  from 
20  to  40  volts.  The  remaining  two  units  having  a  diffusion  lengtn  of 
5.8  microns  displayed  an  increase  of  photocurrent  of  approximately 
13  percent  with  the  same  voltage  change. 
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APPENDIX  B 

FAIRCHILD  RADIATION  TEST  DATA 
FOR 

2N5107  AND  2N5244 

This  Appendix  is  a  letter  from  Fairchild  Research  and 
Development  Corporation,  in  response  to  a  request  for  data  by  Mr.  Steve 
Callaghar  of  Honeywell,  Inc. 
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FAIRCHILD  4001  MIRANDA  AVENUE,  PALO  ALTO.  CALIFORNIA  94304  •  (415)  *  321-7250 


RESEARCH  &  DEVELOPMENT 


TUX:  910-379-6435 


May  25,  1971 


Mr.  Steve  Callaghan,  MSA-1391 
Honeywell  -  GAP 
2600  Ridgeway  Parkway 
Minneapolis,  Minnesota  5541  3 

Dear  Steve, 

14  2 

Per  our  conversation,  I  am  enclosing  a  copy  of  the  3x10  n/cm 
data  on  2N22l9's  which  are  similar  to  the  2N5107. 

You  requested  information  concerning  the  equilibrium  photocurrents 
for  the  2N5244  and  2N5107. 


i  (mA)  at 

pp 


A^g  mils 


2N5107  131.2 


2N5244 


21.1 


10s  lio9  i  1010 

I  I 

RADfe  (Si) /sec 
0.  65  |  6.  5  60.  5 

1  I 

1  I 

0.-094  !  0.  94  ;  9.  4 


The  differences  reflected  above  are  better  understood  when  you  note 
the  differences  in  the  collector-base  area,  A^g. 

If  you  have  any  additional  questions,  please  call  me. 

Sincerely,  \ 

/;  7  I  A,,/  , 

/  ■  A'kU'-ta— 

David  K.  Myers/ 

Radiation  Effects  Consultant 

DKM/pe 

Enel 
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2N  2219  (Ph  II  Predicting  Ph  III) 


This  is  Type  B  Prediction  of  Beta  at  3.03  x 


Variable 


Regress i on-Coef fi ci ent 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 


-.747 
.021 
.241 . 
-.024 
3.367 
-5.7G0 
.013 
-.500 
.364 
.343 
.029 


■Actual 

p-Cal culated 

Di  ff.erence 

Percent  Different 

13.30 

12.28 

1.02 

7.690 

9.80 

8.83 

.97 

9.850 

14.00 

13.25 

.75 

5.329 

10.40 

9.84 

.56 

5.410 

13.30 

12.67 

.63 

4.766 

11.10 

11.26 

-.16 

-1.436 

7.10 

6.47 

.63 

8.821 

10.00 

8.77 

1.23 

12.335 

9.50 

8.31 

1.19 

12.514 

11.50 

10.69 

.81 

7.025 

12.40 

12.76 

-.36 

-2.927 

10.00 

7.39 

2.61 

26.068 

13.20 

12.30 

.90 

6.791 

10.00 

9.61 

.39 

3.908 

11.50 

9.75 

1.75 

15.234 

11.50 

11.24 

.26 

2.265 

11.30 

10.60 

.70 

6.205 

11.20 

11.10 

.10 

.931 

10.60 

10.32 

.28 

2.685 

12.20 

12.91 

-.71 

-5.802 

11.90 

12.01 

-.11 

-.896 

11.80 

11.28 

.52 

4.411 

12.50 

11.00 

1.50 

12.039 

15.50 

14.66 

.84 

5.411 
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8-Actual 

6-Calculated 

Di fference 

Percent  Different 

11.70 

11.75 

-.05 

-.437 

10.10 

9.78 

.32 

3.216 

9.50 

9.26 

.24 

2.532 

14.20 

12.55 

1.65 

11.598 

13.00 

12.01 

.99 

7.612 

10.20 

9.62 

.58 

5.639 

11.20 

10.97 

.23 

2.028 

10.70 

11.33 

-.65 

-5.848 

10.00 

9.33 

.67 

6.715 

10.30 

9.81 

.49 

4.776 

9.40 

9.07 

.33 

3.518 

10.20 

9.30 

.90 

8.825 

13.50 

11.79 

1.71 

12.652 

9.80 

9.21 

.59 

6.049 

10.00 

9.39 

.61 

6.096 

10.00 

10.37 

-.37 

-3.726 

10.00 

9.28 

.72 

7.247 

10.60 

8.75 

1.85 

17.433 

11.90 

12.06 

-.16 

-1.318 

15.10 

15.77 

-.67 

-4.469 

12.80 

11.84 

.96 

7.509 

8.80 

8.52 

.28 

3.235 

16.90 

14.70 

2.20 

12.996 

10.10 

10.21 

-.11 

-1.049 

14.90 

14.29 

.61 

4.070 

12.50 

11.83 

.67 

5.399 

8.70 

9.24 

-.54 

-6.201 

10.00 

9.12 

.83 

8.803 

10.50 

9.93 

.57 

5.418 

10.60 

10.66 

-.06 

-.533 

10.40 

10.31 

.09 

.818 

10.30 

10.76 

-.46 

-4.460 

11.70 

12.47 

-.77 

-6.548 

15.00 

13.02 

1.98 

13.232 

10.60 

10.68 

-.08 

-.773 

15.70 

14.71 

.99 

6.304 

11.30 

11.50 

-.20 

-1.780 

12.60 

12.39 

.21 

1.650 

10.00 

9.94 

.06 

.648 

12.00 

12.13 

-.13 

-1.103 

13.20 

12.31 

.89 

6.776 

12.20 

13.30 

-1.10 

-9.052 

7.90 

7.99 

-.09 

-1.146 

10.00 

9.47 

.53 

5.331 

10.90 

10.87 

.03 

.311 

14.00 

13.62 

.38 

2.725 

10.00 

10.87 

-.87 

-8.748 

10.50 

10.04 

.46 

4.415 

12.10 

12.01 

.09 

.710 
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8-Actual 

6-Calculated 

Difference 

Percent  Different 

12.60 

12.40 

.20 

1.554 

10.30 

10.13 

.17 

1.648 

12.40 

12.43 

-.03 

-.248 

12.40 

12.59 

-.19 

-1.540 

15.30 

14.38 

.92 

5.989 

10.10 

9.18 

.92 

9.120 

12.30 

13.21 

-.91 

-7.437 

10.00 

10.48 

-.48 

-4.846 

12.00 

8.70 

3.30 

27.480 

12.i0 

12.12 

-.02 

-.171 

11.60 

12.47 

-.87 

-7.517 

12.70 

11.86 

.84 

6.652 

12.20 

12.30 

-.10 

-.793 

11.10 

12.06 

-.96 

-8.663 

10.00 

11.33 

-1.33 

-13.267 

10.20 

9.84 

.36 

5.559 

10.50 

11.17 

-.67 

-6.398 

11.60 

12.47 

-.87 

-7.505 

10.00 

8.30 

1.70 

17.036 

10.00 

10.06 

-.06 

-.639 

11.20 

11.96 

-.76 

-6.743 

10.30 

9.69 

.61 

5.959 

11.60 

12.20 

-.60 

-5.171 

14.60 

9.69 

4.91 

33.618 

11.10 

10.14 

.96 

8.625 

12.70 

11.27 

1.43 

11.253 

12.80 

12.07 

.73 

5.669 

13.00 

13.19 

-.19 

-1.479 

13.90 

12.07 

1.83 

13.166 

10.00 

10.09 

-.09 

-.896 

9.60 

8.86 

.74 

7.677 

12.10 

11,49 

.61 

5.026 

10.00 

8.48 

1.52 

15.228 

9.60 

8.90 

.70 

7.313 

11.20 

10.02 

1.18 

10.530 

10.60 

9.61 

.99 

9.376 

11.50 

11.05 

.45 

3.878 

10.40 

10.36 

.04 

.337 

11.00 

10.31 

.69 

6.241 

10.00 

10.23 

-.23 

-2.315 

11.90 

11.83 

.07 

.549 

12.10 

9.58 

2.52 

20.834 

12.70 

11.20 

1.50 

11.814 

11.80 

11.35 

.45 

3.816 

10.10 

9.33 

.77 

7.582 

8.10 

7.46 

.64 

7.920 

10.50 

10.30 

.20 

1.927 

10.50 

10.75 

-.25 

-2.368 

12.00 

10.49 

1.51 

12,549 
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6-Actual 

6r Calculated 

12.00 

9.74 

8.70 

9.17 

14.20 

14.75 

12.80 

14.46 

11.00 

10.41 

12.60 

11.45 

10.10 

9.67 

13.30 

11.93 

13.00 

13.54 

13.40 

12.70 

10.30 

9.19 

8.80 

9.21 

13.20 

13.50 

9.70 

8.29 

8.60 

8.58 

12.20 

10.72 

8.80 

9.32 

12.90 

13.74 

11.40 

10.64 

11.10 

11.75  - 

9.50 

9.41 

11.90 

12.15 

11.50 

11.08 

16.10 

14.81 

11.60 

11.13 

13.20 

12.91 

10.00 

8.34 

9.20 

9,39 

10.60 

10.73 

12.30 

12.07 

8.60 

8.15 

11.80 

11.93 

11.70 

12.53 

9.00 

9.32 

13.80 

13.69 

12.70 

13.49 

12.50 

12.61 

10.20 

9.89 

10.70 

12.29 

11.80 

12.33 

10.50 

9.85 

13.00 

11.69 

12.60 

12.63 

10.00 

9.64 

8.50 

7.88 

8.90 

8.97 

14.00 

13.03 

10.30 

9.34 

12.70 

12.22 

Difference  Percent  Different 


2.26 

18.844 

-.47 

-5.399 

-.55 

-3.889 

-1.66 

-12.953 

,59 

5. ’62 

1.15 

9.091 

.43 

4.261 

1.37 

10.306 

-.54 

-4.135 

.70 

5.188 

1.11 

10.802 

-.41 

-4.623 

-.30 

-2.235 

1.41 

14.515 

.02 

.185 

1.48 

12.170 

-.52 

-5.899 

-.84 

-6.524 

.76 

6.655 

-.65 

-5.894 

.09 

.974 

-.25 

-2.073 

.42 

3.647 

1.29 

8.015 

.47 

4.026 

.29 

2.225 

1.66 

16.607 

-.19 

-2.099 

-.13 

-1.182 

.23 

1.868 

-.55 

-6.411 

-.13 

-1.126 

-.83 

-7.115 

-.32 

-3.515 

.11 

.801 

-.79 

-6.198 

-.11 

-.875 

.31 

3.064 

-1.59 

-14.900 

-.53 

-4.506 

.65 

6.150 

1.31 

10.040 

-.03 

-.267 

.36 

3.552 

.62 

7.321 

-.07 

-.777 

.97 

6.910 

.96 

9.334 

.48 

3.788 
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8-Actual 

8-Cal  ciliated 

Difference 

Percent  Different 

10.70 

11.11 

-.41 

-3.839 

12.40 

12.09 

.31 

2.485 

10.70 

10.97 

-.27 

-2.521 

11.10 

11.24 

-.14 

-1.300 

13.70 

15.03 

-1.33 

-9.699 

10.50 

10.82 

-.32 

-3.042 

13.50 

13.40 

.10 

.764 

11.90 

12.44 

-.54 

-4.556 

12.60 

12.26 

.34 

2.685 

12.00 

12.40 

0.40 

-3.299 

13.20 

13.13 

.07 

.539 

13.20 

13.52 

-.32 

-2.408 

12.10 

12.54 

-.44 

-3.609 

14.00 

14.11 

-.11 

-.798 

11.60 

12.00 

-.40 

-3.488 

12.30 

13.26 

-.96 

-7.826 

13.50 

13.37 

.13 

.945 

10.50 

10.42 

.08 

.717 

11.80 

12.13 

-.33 

-2.834 

11.00 

11.45 

-.45 

-4.081 

Average  Absolute  Percent  Difference  -  5.9240215 
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APPENDIX  C 

SPRINT  II  NUCLEAR  TEST  PLAN 
PAST  BURST  REAC.TCJ/WSMR  -  FEBRUARY  7,  1972 

INTRODUCTION 

The  radiation  characteristics  required  for  radiation  hardness 
evaluation  of  the  Laser  Gyro  circuits  are  as  follows : 

_1  Laser  Gyro  High  Voltage  power  supply 

2  Laser  Gyro  Photocurrent  Experiment. 

The  radiation  characteristics  required  for  evaluation  of 
these  circuits  are  the  transient  and  permanent  changes  in  output  voltages 
as  a  function  of  the  nuclear  environment.  The  circuits  will  be  exposed 
to  the  nuclear  environment  of  the  fast  burst  reactor  at  WSMR.  Permanent 
changes  will  be  determined  by  comparison  of  steady  state  voltages  taken 
before  and  after  exposure.  Magnetic  tape  recordings  and  oscilloscope 
photographs  will  be  used  to  record  output  voltages  during  exposure. 

TEST  PLAN 

I.  LASER  GYRO  HIGH  VOLTAGE  POWER  SUPPLY  (Figures  C-l  and  C-2) . 

The  Laser  Gyro  High  Voltage  Power  Supply  consists  of  a  high 
voltage  dc-to-dc  converter.  Figure  C-l,  and  a  +10  Vdc  regulator, 

Figure  C-2.  The  +10  Vdc  regulator  accepts  +24  Vdc  from  an  external 
source  and  supplies  +10  Vdc  to  the  dc-to-dc  converter.  Regulation  of 
the  high  voltage  output  is  accomplished  through  feedback  from  the  high 
voltage  secondary  to  the  +10  Vdc  regulator. 

Outputs  to  be  recorded  during  the  burst  are: 


Coax 

Test 

Terminati  sn 

Output 

Number 

Point 

at  Scope 

Voltage 

11 

-1090V 

51 

-0.135  Vdc 

12 

Feedback  (12.6) 

51 

+0.30  Vdc 

13 

+2100V 

None 

+0.30  Vdc 

14 

Converter  (nO  kHz) 

51 

0.9  Vac  pp 

15 

10V  Monitor  (10.7V) 

51 

+0.60  Vdc 
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Figure  C-l.  High-Voltage  dc-to-dc  Convert 
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For  permanent  damage  data,  each  dc  output  will  be  measured  with  a  digital 
voltmeter  before  each  burst  and  as  soon  as  possible  after  the  burst.  The 
converter  output  will  be  measured  with  a  frequency  counter  before  and  after 
the  burst. 

II.  LASER  GYRO  PHOTOCURRENT  EXPERIMENT 

The  purpose  of  this  experiment  is  to  measure  diode  photocurrent 
while  the  diodes  are  being  exposed  to  nuclear  radiation.  The  circuit  shown 
in  Figure  C.-3  was  placed  close  to  the  reactor  shield  for  one  burst. 

Figure  C-4  shows  the  cable  connections  for  this  experiment. 

DOSIMETRY 

Dosimeters  will  be  located  on  each  test  item  so  that  the 
average  dose  and  dose  rate  can  be  calculated.  Each  dosimeter  will  be 
numbered  and  its  location  on  the  test  item  will  be  recorded.  Three 
sulfur  and  3  TLD  dosimeters  will  be  used  for  each  test  item.  However, 
the  reactor  performance  data  that  is  provided  by  the  test  facility 
for  each  burst  can  be  used,  along  with  the  location  of  the  test  item, 
to  give  a  reasonable  approximation  of  neutron  dose  and  gamma  dose  rate. 

TEST  DATA 

Table  C-I  presents  test  data  and  Tables  C-II  and  C-III 
present  equipment  settings.  Oscilloscope  records  of  the  test  are 
presented  in  Figures  C-5  through  C-27, 

TABLE  C-I 


Test  Data 


First  Burst 

High  Voltage: 
Second  Burst 

High  Voltage: 


AT  =  196°C 


AT  =  190°C 


High  Voltage  ^jwer  Supply 


BNC 

Pre-Burst  1 

Post  Burst  1 

Pre-Burst  2 

Post  Burst  2 

Scaled 

11 

-0.135 

-0.125 

-0.125 

-0.120 

Actual 

1090 

1001 

1001 

969 

Scaled 

12 

0.2998 

0.290 

0.290 

0.286 

Actual 

13 

12.6 

12.2 

12.2 

12.02 

14 

Scaled 

Actual 

15 

0.5355 

9.6 

0.5598 

10.0 

0.559 

10.0 

0.576 

10.3 
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TABLE  C-II 


Coax 

Number 

Laser  Gyro  High  Volta 

Record  Track 

65  Ft  Cable  Number  and 

Number  Cal  Level 

ge  Power  Supply 

Oscilloscooe  Number 

and  Settings 

Vertical  (V/cm)  Horizontal  (ms/cm) 

BNC  11 

1 

Track  1 

Scope  No.  1 

-1090V 

+0.3V 

Upper:  0.1 

0.1 

Lower:  0.1 

0.5 

BNC  12 

2 

Track  2 

Scope  No.  2 

Feedback 

+0.5V 

Upper:  0.2 

0.1 

Lower:  0.2 

0.5 

BNC  13 

3 

Track  3 

Scope  No.  3 

+2100V 

+0.5V 

Upper:  0.2 

0.1 

Lower:  0.2 

0.5 

BNC  14 

4 

Track  4 

Scope  No,  4 

Converter 

+1.5V 

Upper:  0.5 

0.1 

Direct  Record 

Lower:  0.5 

0.5 

BNC  15 

5 

Track  5 

Scope  No.  5 

10V  Monitor 

Upper:  0.5 

0.1 

Lower:  0.5 

0.5 

Coax 

Number 

TABLE  C-III 

Laser  Photo  Current  Experiment 

65  Ft  Cable  ^umbl/anf  Pscillgs^opeJiumber. and  Settings 
Number  Cal  Level  Vertical  (V/cm)  Horizontal  (us/cm) 

1 

1 

Track  1 

Scope  No.  1 

Detector 

+10V 

Upper:  5.0 

-5 

Circuit 

Lower:  ac-1.0 

-5 

Battery 

2 

2 

Track  2 

Scope  No.  2 

Diode  No.  1 

+6V 

Upper:  2.0 

5 

Output 

Lower:  0.5 

5 

3 

3 

Track  3 

Scope  No.  3 

Diode  No.  2 

+6V 

Upper:  2.0 

5 

Output 

Lower:  0.5 

5 

4 

4 

Track  4 

Scope  No.  4 

Compensator 

+6V 

Upper:  5.0 

5 

Circuit 

Lower:  ac-1.0 

5 

Battery 

5 

5 

Track  5 

Scope  No.  5 

Diode  No.  4 

+6V 

Upper:  2.0 

5 

Output 

Lower:  0.5 

5 

6 

6 

Track  6 

Scope  No.  6 

Diode  No.  5 

+6V 

Upper:  2.0 

5 

Output 

Lower:  0.5 

5 
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+17.5V  Supply 
+5V 


GND 


+1 7.5V  Supply 

U11U 

Z - ! 

+  Reg 

— 

-  Reg 

Ph 

Connector 

Connector 

Connector 

#1 

§ 2 

n 

|  Coax  | 

!© - * 

2  © - f 

3  © - 1 

5  0- - f 

6  O - f 

70—/ 
8  0—/ 
9© - * 

10  G — “/ 


n  O — i 
12© — / 


GND  i  _ GND 


•3  - 3 


GND 

17.5V  I 

2fi  £ - 3 

20W* - 4 

5 

6 
7 

10 — ©  o 
1 1  — G  o 
10 
n 

12— Q  12 

13 —  G  13 

14 

15 

j~  16 
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Upper  Trace: 

Vertical  -  20  mV/cm 
Horizontal  -  20  ps/cm 


Lower  Trace: 

Vertical  -  10  V/ cm 
Horizontal  -  50  ps/cm 


Figure  C-5.  Reactor  Gamma  Profile  -  Burst  1 


Upper  Trace: 

Vertical  -  O.lV/cm 
Horizontal  -  500  ps/cm 


Lower  Trace: 

Vertical  -  0.1  V/cm 
Horizontal  -  2  ps/cm 


Figure  06.  Laser  Gyro  BNC-11  -1090V  -  Burst  1 
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Vertical  -  0.2  V/cm 
Horizontal  -  100  ps/cm 


Figure  C-7.  Laser  Gyro  High  Voltage  Power  Supply  3NC-12  Feedback  -  Burst  1 


Upper: 

Vertical  -  0.2  V/cm 
Horizontal  -  100  ps/cm 


Lower : 

Vertical  -  0.2  V/cm 
Horizontal  -  100  ps/cm 


Figure  C-8.  Laser  Gyro  High  Voltage  Power  Supply  BNC-13  +2100V  -  Burst  1 
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Upper  Trace: 

Vertical  -  0.5  V/cm 
Horizontal  -  10  ps/cm 


Lower  Trace: 

Vertical  -  0.5  V/cm 
Horizontal  -  10  ps/cm 


Figure  09.  Laser  Gyro  High  Voltage  Power  Supply  BNC-14  Converter  -  Burst  I 


Upper  Trace: 

Vertical  -  0.5  V/cm 
Horizontal  -  100  ps/cm 


Lower  Trace: 

Vertical  -  0.5  V/cm 
Horizontal  -  500  ps/cm 


Figure  C-10.  Laser  Gyro  High  Voltage  Power  Supplv  BNC-15  10V  Monitor  -  Burst  1 
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Upper  Trace: 

Vertical  -  20  mV/cm 
Horizontal  -  20  ys/.cm 


Lower  Trace: 

Vertical  -  10  '//cm 
Horizontal  -  50  ys/cm 


Figure  C-ll.  Reactor  Gamma  Profile  -  Burst  2 


Upper  Trace: 

Vertical  — 1  V/cm 
Horizontal  -  500  ys/cm 


Lower  Trace: 

Vertical  -  0.1  y/cm 
Horizontal  ~  100, ys/cm 


urt  -12.  Laser  Gyro  High  Voltage  Power  Supply  BNC-il  -1090V  -  Burst  2 
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Figure  C-13.  Laser  Gyro  High  Voltage  Power  Supply  BNC-12  Feedback  -  Burst  2 


Upper  Trace: 

Vertical  -  0.2V/cm 
Horizontal  -  100  ps/c;n 


Lower  Trace: 

Vertical  -  0.2V/cm 
Horizontal  -  100  ps/cin 


Figure  C-14.  Laser  Gyro  High  Voltage  Power  Supply  BNC-13  +2100V  -  Burst  1 
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Upper  Trace: 

Vertical  -  Q.5V/cm 
Horizontal  -  50  i-.s/cm 


Lower  Trace: 

Vertical  -  0.5V/cm 
Horizontal  -  200  gs/cm 


Figure  C-15.  Laser  Gyro  High  Voltage  Power  Supply  BNC-14  Converter  -  Burst  2 


Upper  Trace: 

Vertical  -  0.2V/cm 
Horizontal  -  100  gs/cm 


Lower  Trace  (Inverted): 
Vertical  -  0.2  V/cm 
Horizontal  -  500  gs/cm 


ig  .i<  <  -l(  Laser  Gyro  High  Voltage  Power  Supply  BNC-15  10V  Mon  -  Burst  2 
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Upper  Trace  -  Coax  1 
Detector  Circuit  Battery: 
Vertical  -  IV/cm 
Horizontal  -  50  ys/cm 


Lower  Trace  -  Coax  2 
Diode  #1  Output: 
Vertical  -  0.2V/cm 
Horizontal  -  50  ys/cm 


Figure  C-17.  Laser  Photocurrent  Experiment  -  Burst  2 


Upper  Trace  -  Coax  3 


Lower  Trace  •  Boax  4 

Battery  for  Photocurrent 
Compensator  Diodes 


Figure  C-18.  Laser  Photocurrent  Experiment  -  Burst  2 
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Upper  Trace  -  Coax  4 
Diode  #3  Output 
Vertical  -  2V/cm 
Horizontal  -  50  ps/cm 


Lower  Trace  -  Coax  6 
Diode  #4  Output 
Vertical  -  0.2V/ cm 
Horizontal  -  50  ps/cm 


i-'igure  C-19.  Laser  Photocurrent  Experiment  -  Burst  2 


Upper  Trace: 

Vertical  -  20  mV/cm 
Horizontal  -  20  ps/cm 


Lower  Trace: 

Vertical  -  20  V/ cm 
Horizontal  -  50  ps/cm 


Figure  C-20.  Reactor  Gamma  Profile  -  Burst  J 


Z9080-3010FR 
Vol.  II 


-  A 144  - 


Upper  Trace: 

Vertical  -  O.lV/cm 
Horizontal  -  500  ys/cm 


Lower  Trace: 

Vertical  -  O.lV/cm 
Horizontal  -  100  ys/cm 


Figure  C-21.  Laser  Gyro  High  Voltage  Power  Supply  BNC-11  -1090V  -  Burst  3 
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Upper  Trace: 

Vertical  -  O.lV/cm 
Horizontal  -  100  ys/cm 


Lower  Trace: 

Vortical  -  0.1  V/ cm 
Horizontal  -  100  ys/cm 


Figure  C-23. 


Laser  Gyro  High ' Voltage  Power  Supply 

I 

f 


BNC-12  +2100V  -  Burst 


3 


Upper  Trace: 

Vertical  -  0.5V/ cm 
Horizontal  -  100  ys/cm 


Lower  Trace: 

Vertical  -  O.'IV/cm 
Horizontal  -  500  ys/cm 


1-24.  Laser  Gyro  High  Voltage  Power  Supply  BNC-13  10V  Monitor  -  Burst  3 
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Upper  Trace 

Detector  Circuit  Battery: 
Vertical  -  1  V/ cm 
Horizontal  -  50  gs/cm 


Lower  Trace 
Diode  #1  Output: 
Vertical  -  0.2  V/crn 
Horizontal  -  50  ys/cm 


Figure  C-25.  Laser  Photocurrent  Experiment  -  Burst  3 


Figure  C-26.  Laser  Photocurrent  Experiment  -  Burst  3 
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.1 


Upper  Trace 
Diode  #4  Output: 
Vertical  -  0.2  V/ cm 
Horizontal  -  50  ps/cm 


Lower  Trace 
Diode  § 5  Output: 
Vertical  -  0.2  V/ cm 
Horizontal  -  50  ps/cm 


Figure  C—  2 7 .  Laser  Photocurrent  Experiment  -  Burst  3 
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APPENDIX  B 

SUPER  FLASH  X-RAY  (SFXR)  TEST 


The  SFXR  test  consisted  of  five  separate  test  setups:  1)  laser  gyro,  2)  digital 
boards,  3)  individual  circuits,  4)  support  electronics,  and  5)  the  system. 
Schedule  restraints  prevented  the  fabrication  of  a  complete  set  of  duplicate 
electronics  circuits  (except  for  the  digital  boards)  so  some  of  the  breadboards 
were  used  in  three  of  the  setups.  The  5- volt  regulator,  10-volt  regulator, 
high-voltage  d-c/d-c  converter  and  start/ restart  circuits  were  all  exposed 
during  the  individual  circuits,  support  electronics,  and  system  tests.  In  all 
setups  the  tested  circuitry  was  enclosed  in  a  double- shielded  aluminum  case 
and  signals  in  and  out  were  carried  on  conductors  encased  in  double  zip- 
tubing  which  was  electrically  connected  to  the  double  shield  and  the  tie  point 
made  in  the  control  room  through  a  10-ohm  resistor. 


Laser  Gyro  Test  Setup 

The  gyro  test  setup  (Page  B6)  consisted  of  a  three-axis  laser  gyro  with  a 
single-axis  readout  provided  from  a  close- coupled  battery  pack  that  included 
discharge  current  monitors  and  a  battery-biased  fringe  pattern  detector  with 
signal  monitors.  The  battery  pack  that  supplied  the  discharge  power  used 
two  500- volt  photoflash  (Eveready  EV497)  batteries  within  the  double- shielded 
enclosure  with  two  sampling  resistors  that  monitored  the  current  in  three 
discharge  legs  each.  The  fringe  pattern  monitor  was  biased  from  a  4.  5-volt 
(Eveready  No.  333)  battery  with  a  68-ohm  signal  sampling  resistor  in  each 
detector.  The  detector  was  a  dual- element  germanium  photosensor  manu¬ 
factured  by  Philco-Ford.  Appendix  E  presents  "The  Expected  Effect  on  the 
Glow  Discharge  and  Laser  Output  During  Exposure  to  X-radiation. "  The 
appendix  analyzes  a  He-Ne  gas  discharge  table  with  approximately  the  same 
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gas  fill,  but  with  different  physical  dimensions  and  external  circuitry.  The 
tube  resistance  can  be  calculated  from  Equations  (Bl)  and  (B2): 

VS  "  l0  RB  "  VC  =  VT  =  657  V0lts  (B1) 

Vg  =  900  v  =  source  voltage 
Rg  =  142.2k  =  ballast  resistance 
i  =  0.  65  ma  =  discharge  current 
V^,  =  150  v  =  cathode  volt  drop 

V 

Rt  =  - o  =  1  x  10^  ohms  (B2) 

1  iQ  0. 65X10'*5 

Appendix  E  shows  a  three-times  increase  in  conductivity  at  2  x  104  rads  of 
x-radiation.  This  reduces  the  tube  resistance  to  333  k  ohms.  Since  the 
battery  voltage  is  constant  through  the  radiation,  Equation  (B3)  will  give  the 
current  flow  at  2  x  104  rads  (Si). 


-  V, 


+  R 


B 


750  volts 
475  k  ohms 


1.  58  ma 


(B3) 


The  maximum  radiation  during  the  test  series  was  1.3  x  104  rads  (Si),  v/hich 
produces  a  two-times  increase  in  conductivity,  reducing  the  tube  resistance 
to  500  k  ohms.  Equation  (4)  should  then  predict  the  current  level  at  1. 3  x  104 
rads  (Si): 


VS  "  VC  =  750  volts 
R^,  +  Rg  642  ohms 


1.  17  ma 


(B4) 
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Digital  Boards  Test  Setup 

The  digital  boards  test  setup  consists  of  the  direction  logic,  countdown,  and 
line  driver  functions  assembled  on  a  single  board  with  a  simulated  gyro  input 
and  with  a  68-ohm  line  as  a  load.  Power  is  supplied  by  a  twisted-pair  cable 
from  a  power  supply  located  in  the  junction  box.  This  test  is  similar  to  the 
following  series  called  "Individual  Circuits  Test  Setup",  but  was  run  separately 
because  of  x-ray  beam  cross-sectional  area  limitations. 


Individual  Circuits  Test 

The  individual  circuits  consisted  of  five  circuits:  1)  +5-volt  regulator, 

2)  +10-volt  regulator,  3)  high-voltage  d-c  to  d-c  converter,  4)  start/restart 
circuit  and  5)  readout  amplifier,  all  separately  excited  and  separately  loaded 
to  evaluate  their  performance  individually.  The  excitations  required  came 
from  instrumentation  mounted  in  the  junction  box  in  the  exposure  room.  The 

7 

radiation  level  in  the  junction  box  was  monitored  and  found  to  be  2.  24  x  10 
rads  (Si) Is.  Lead  shielding  reduced  the  level  to  0.  90  x  107  rads  (Si)/ s  during 
the  individual  circuits  test.  The  circuits  were  exposed  to  six  levels,  7.  02  x 
108,  5.  06  x  107,  1.22  x  109,  6.  87  x  109,  1.  51  x  1011,  and  2.  53  x  10U  rads 
(Si)/  s.  In  all  cases,  there  was  no  detectable  permanent  damage  effect  on  the 
performance  of  the  circuits.  Volume  I  includes  an  appendix  (I)  commenting 
in  detail  about  each  photo.  Table  1-1  lists  the  various  circuits  in  the  various 
test  setups  and  gives  the  maximum  dose  rate,  rads  (Si)/s,  at  which  the 
circuits  would  function  in  the  Honeywell  system  without  error.  There  is  a 
great  disparity  in  numbers  credited  to  the  EMI  generated  in  the  double  zip¬ 
tubing  shielded  cables  which  in  most  cases,  supplied  power  input,  excitation 
input,  and  performance  monitor  outputs. 
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Support  Electronics  Test  Setup 

The  support  electronics  test  consisted  of  the  5-volt  regulator,  10-volt 
regulator,  high-voltage  converter,  start  circuit,  and  a  readout  amplifer. 

In  this  test,  the  circuits  were  interconnected  and  operated  from  an  external 
+17.  5-volt  supply.  The  test  photos  (pages  B131  through  B174)  reveal  that 
the  maximum  radiation  levels  for  normal  operation  as  ascertained  by  this 
setup  differ  from  those  obtained  from  the  individual  circuit  testing.  EMI 
has  more  effect  on  the  interconnected  circuits  as  is  evidenced  by  shot  No.  30, 
which  was  run  with  the  circuit  power  off.  Table  1-1  (see  Volume  I)  shows  the 
maximum  gamma  radiation  level  at  which  these  circuit  elements  will  operate 
normally. 

System  Test 

The  system  test  consisted  of  the  laser  gyro,  +5-volt  regulator,  +10- volt 
regulator,  high-voltage  converter,  start  circuit,  and  two  readout/trigger 
assemblies  interconnected  and  run  off  +17.  5  volts  as  a  system.  In  this 
configuration  the  interconnecting  leadwires  are  short,  twisted  pairs  providing 
a  more  EMI-resistant  setup.  On  completion  of  this  test,  the  system  com¬ 
ponents  had  received  total  dose  as  listed  in  Table  1-2. 
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Z9080-3010FR 
Vol.  Ii 


yn>  JS/CM  50  mv  SWEEP/CM  50  usec  VOLTS/CM - SWEEP/CM 


S/N49 
y=  6.21  X  10 


S/N  37  9 

*  =  7.39  x  10V 


S/N 40  ]0 

f=  1.17xlOIU' 


S/N  2 
f  =  6.18  xlO 


S/N  43 


7.09  x  10 


f  =  6.85  x  107 


( - ) 


READOUT 

AMPLIFIER 


'C~  ) 


START 

CIRCUIT 


CUT) 


S/N  46 


*  =  6.61  x  10' 


r=  7.18  x  10' 


f=  7.30  x  10 ' 


C 


3 


CD 


5  VOLT  REGULATOR 


S/N  50  q 

6.16  x  10 

( - ^ 


S/N  38  o 
r=  7.47  x  10v 


3 


3 


S/N  41  9 

T=  7.94  x  10V 


c 


10  VOLT  REGULATOR 


S/N  3 


f=  5.86  x  10' 


CCD 


S/N^ft 
f  =  7.54  x  10 
DC/DC 
CONVERTER 

C 


L___; 

c: 


) 


-1000  V 


+2100  V 


) 


3 


S/N  47  g 
7.30  x  10V 


S/N  1 

■y=  5.41  x  10 


S/N  39 
y=  7.28  x  10 


S/N  42 
y=  7.49  x  10 


S/N  4 

y  =  6.00  x  10 


S/N  45 
y  =  7.09  x  10 


S/N  48.  9 

f  =  7.15  x  10v 


Assumed  to  be  in  error  -  not  included  in  average 
dose  or  dose  rate  calculations. 


Circuits  Test  Dosimetry  (Shot  No.  22) 
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Vol.  II 


VOLTS/CM _ 2 _ SWEEP/CM  ^>°  »scc  VOLTS/CM _ SWEEP/CM 
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Z9080-3010FR 
Vol.  II 


yn»  TS/CM  50  mv  qwFFP/nM  5 o  usee  VOLTS/CM _ SWEEP/CM 


i  =  9.98  x  10  7=1.10xl0J 


r=  9.99  x  10J 


READOUT 

AMPLIFIER 


5  VOLT  REGULATOR 


S/N  22  ,, 

t=  1.09  x  10  - 

S/N  10  t  t 

f=  1.46  x  10H 

S/N  13  n 

f=  1.63  x  10X1- 


S/N  16  , 

f »  1.53  x  101-1- 

S/N  25  ,, 

t-  1.13  x  10~ 


V _ 


START 

CIRCUIT 


S/N  23  , 

f-  1.36  x  101 

<‘ - *> 


S/N  11  . , 

t=  1.93  x  10IX 


S/N  14  „ 

y=  2.66  x  lO1-1 

10  VOLT  REGULATOR 

S/N  17  ,, 

r=  2.10  X  ioiA 


< _ J  L 

?"l%  x  10“  -1000  V 


S/N '24 

J  y=  1.30  x  io 

"\  S/N  12 

■J  1.86x10 


S/N  15 
y=  1.95  x  10 


=\  S/N  18 
J  f  =  1.84  x  10 

D  S/N  27 

f  =  1.19  x  10 


DC/DC 

CONVERTER 


+2100  V 


S/N  19  ,,  S/N  20  ,,  S/N  21  ,, 

f  =  1.17  x  1011  1.61  x  101A  t=  1.43  x  1011 


Circuits  Test  Dosimetry  (Shot  No.  23) 
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Vol.  II 


Z9080-301GFR 
Vol.  II 


ym  Tyr.M  5  ^wffp/hm  50  usee  VOLTS/CM_ SWEEP/CM 


B117 


VOLTS/CM  -2  SWEEP/CM  50  usee  VOLTS/CM - SWEEP/CM 


VOLTS/CM - 2 - SWEEP/CM.  50  usee  VOLTS/CM _  SWEEP/CM 


Z9080-3010FR 
Vol.  II 


VOLTS/CM - 50jsv_  SWEEP/CM  _50_usec_  VOLTS/CM _ SWEEP/CI^ 


I 


S/N  45  , , 

f  =  1.67  x  I0xi 

S/N  33  n 

t=  2.59  x  UAA- 

S/N  36  i 

7=  2.96  x  10- 


S/N  39  ,, 

f  =  3.58  x  10  - 

S/N  48  n 

1-  3.03  x  10  — 


f=  1.35  x  10  1.36  x  10  y-  1.10  x  10J 


READOUT 

AMPLIFIER 


5  VOLT  REGULATOR 


' _ J 


START 

CIRCUIT 


S/N  46  n 
7'=  1.50_x  10XI 

c _ J 

S/N  34 

*=  2.45  x  1011 


S/N  37  13 

r=  3.24  x  1011 


^  S/N  4  7 
.j  y-  1.10  x  10 

3  S/N  35 

t-  1.97  x  10 

S/.J38 
7  =  2.20  X  10 


10  VOLT  REGULATOR 


S/N 40  ,, 

Y=  4.07  x  101A 


1^21  *W«  -1000  V 
DC/DC 

CONVERTER  +2100  V 


S/N  41 

Jf  r  =  2.63  x  10 
"}  S/N  50 

7=  1.74  x  10 


S/N  42  ,,  S/N  43  ,,  S/N  44  ,, 

f  =  3.80  x  1011  f=4.66  x  101X  f  =  2.90  x  1011 


Circuits  Test  Dosimetry  (Shot  No.  24) 


Z9080-3010FR 
Vol.  II 


VOLTS/CM - 2 - SWEEP/CM  5Q...usuc  VOLTS/CM_ SWEEP/CM 


VOLTS/CM - 5 - SWEEP/CM  _  *5  usgc  VOLTS /PM  5  SWFFP/PM  5  usec 

TEST  NO.  24-4,  5,  6:  CIRCUITS  TEST  -  10  VOLT  MONITOR 


B122 


Z9080-3010FR 
Vol.  II 


V0LT5/CM - 0^2 - SWEEP/CM  50  usee  VOLTS/CM 


VOLTS/CM - - SWEEP/CM — ^2.  ,usec  VOLTS/CM _ SWEEP/CM 


VOLTS/CM - = - SWEEP/CM  0,5  usec  VOLTS/CM  2  £WFFP/nM  5  usec 

TEST  NO.  24  -  13,  14,  15:  CIRCUITS  TEST  -  START  MONITOR 


-  B125  - 

i 


,9080-3010FR 
Vol.  TT 


VOLTS/CM - 2 - SWEEP/CM _ 50 . usec  VOLTS/CM _ SWEEP/CM 


-  B126  - 


Z9080-3010FR 
Vol.  II 


VOLTS/CM  50  mv  ^wffp/hm  50  usee  VOLTS/CM - SWEEP/CM 


:9080-3 

Vol, 


HE 


VOLTS/CM _ 2 _ SWEEP/CM  __  50  usee  VOLTS/CM _ SWEEP/CM_. 


S/N  18 
7  =  4.81 

S/N  6 
y=5.55 


S/N  9 
■y  =  5.68 


S/N  12 
t !!t  5.70 

S/N  21 
7  =  4.86 


Support 


B130  - 


S/N  4  9 

S/N  5 

Q 

*  =  5.49x10* 

*  =  5.59x10' 

( — >1 

5  VOLT  REGULATOR 

S/N  19  q 

7=  4.86  x  10* 

C _ J> 

c„ 

r — ) 

r — 

— ) 

S/N  7  q 

?=  5.72x10* 

( .  ") 

c 

ZD 

S/N  10  q 

=  5.64  x  10* 

10  VOLT  REGULATOR 

S/N  13  q 

•  -S' =  5.70  x  10* 

< _ ) 

( 

=3 

dZD 

Cl 

- N 

S/N  22  q 

■f  *  4.79  x  10* 

-1000  V 

DC/DC 

CONVERTER 

+2100  V 

C _ ) 

_ 

S/N  16  o 

S/N  17 

Q 

■f  =  5.40  x  10* 

■}=  5.18  x  107 

S/N  20  q 
7=  4.45  x  10* 

S/N  8  o 
7  =  5.71  x  10* 


S/N  11  q 
i  =  5.73  x  10* 


S/N  14 
7  =  5.56  x 

S/N  23 
7=  4.80  x 


10 
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■onics  Dosimetry  (Shot  No.  25) 


i90  80-301 OFR 
Vol.  II 
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Z9080-3010FR 
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Z9080-3010FR 

Vol.  II 
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Z9080-3010FR 
Vol.  II 


VOLTS/CM _ °-2  SWEEP/CM  5  usec _  VOLTS/CM - SWEEP/CM 


VOLTS/CM ‘1  SWEEP/CM  -JLilffg  VOLTS/CM_ SWEEP/CM 


ll.lJi.MIJ,  1  I, 


-  B135  - 


Z9080-3010FR 
Voi.  n 


yni  T.ycM  2  qwFFP/nM  50  usee  VOLTS/CM _ SVVEEP/CM 


-  B136.  - 


S 
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£ 
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to 
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H 

C3 
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S 
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LU 

LU 
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(/) 


(s#.*w^J  fc-XHwfa,  .  ixt KSM  fiaftsci' 


y  —  1.09  x  10  7  =  1.80  x  10 


•?  =  8.34  x  10 


READOUT 

AMPLIFIER 


5  VOLT  REGULATOR 


S/N41  ,, 

•f  =  1.41  x  10  - 

S/N29  ,, 

7  =  1.93  x  10  - 

S/N  32  ,, 

It  =  2.43  x  lO1’’ 


S/N  35  -1  -i 

7  =  3.12  x  10  . 

S/N  44  n 

•f  =  2.25  x  10  - 


CIZ5 


START 

CIRCUIT 


CZI3 


CUD 

S/N  38  , , 

7=  2.40  x  lO11 


S/N  42  ,, 

-y  =  1.32  x  IQ11  ■ 

C  -) 


S/N  30  , 

7  =  1.92  x  10J 


S/N  33  n 
7  =  2.36x10-“ 


S/N  43 
7=9.39x10 

S/N  31 
7=  1.11  x  10 


S/N  34 
7=  1.53  x  10 


10  VOLT  REGULATOR 


S/N  36  , , 

■f  =  3.24  r.  10“ 


C“J  C 

x  10 11  -1!>oov 


==7  S/N  37 
-J  y-  1-75  x  10 

“)  S/N  46 

t  =  1.15x10 


DC/DC 

CONVERTER 


+2100  V 


S/N  39  ,,  S/N  4 

7  =  1.82  x  10“  7=1. 


54  x  10J 


Support  Electronics  Dosimetry  (Shot  No.  26) 


Z9080-3010FR 
Vol.  II 


VOLTS/CM  __2 _ SWEEP/CM_0  .5  usee  VOLT  S/CM  %  SWEEP/CM;  JLUS&£ 


TEST  NO.  26  -  1,  2,  3:  SUPPORT  ELECTRONICS  TEST  -  5  VOLT  MONITOR 


B138 


3010FR 


yniTyCM  2  SWEEP/CM  _50_usec_ VOLTS/CM _ SWEEP/CM 
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VOLTS/CM  5  SWEEP/CM  50  usee  VOLTS/CM_ SWEEP/CM 


B140  - 


Z9080-3010FR 
Vol.  II 


VOLTS/CM  °-2  SWEEP/CM  _JL  usee  VOLTS/CM. _ SWEEP/CM 


VOLT S/CM - J, - SWEEP/CM.  -  50  usee  VOLTS/CM _ SWEEP/CM 


VOLTS/CM _ 50.,.rnv  SWEEP/CM  -50usec_  VOLTS/CM _ SWEEP/CM 


S/N 14  ,, 

?=2.27xlOi\ 

S/N 2  ,, 

?=3.48x  10A1‘ 


S/N  5  n. 
^  =  4.06x  10Xi 


S/N  8  n 

'5'  =  3.89  x  10XX' 

S/N  17  , ,  - 

*=2.80xl0xx 


READOUT 

AMPLIFIER 


<LSD 


START 

CRCUIT 


kC _ -  3 


S/N  11 

7  =  2.98  x  10J 


5  VOLT  REGULATOR 


S/N  15  n 
•f=2.82x  10xx 


=  4.84  x  10J 


S/N  6  j  -l 
i  =  6.12  x  101’1 


- S/N  16 

l _ ;  7=  2.22  x  10 


S/N  4 

f  =  4.03  x  10 


CDS; 


?  =  4.82  X  10 


10  VOLT  REGULATOR 


S/N  9  ,, 

•f  =6.60  x  10xx 


S/N  10 
1rs  6.72  x  10 


<— J  ( 0  LW2 


KWa.  ml*  -1000  V 
-f'  =  5.46  x  104, 

DC/DC 

CONVERTER  +2100  V 

( - >  ( 


■f  =  4.50  x  10 


S/N 12  ,, 

7- 5.61  x  10xx 


S/N  13  , 

7=  6.10  x  10J 


Support  Electronics  Dosimetry  (Shot  No.  27) 


Z-9080-3010FR 
Vol.  II 


-  B145 


LU 


o 

£ 

UJ 

O 
H 
H 

<»  § 


H 
O 

CM  |  > 

in 


H 

C/5 

W 

H 

w 

o 

M 

•z, 

o 

os 

H 

O 

3 

W 


to 

I- 

,J 

o 

> 


Z9080-3010FR 
Vol.  [I 


VOLTS/CM  2  SWEEP/CM   5  usee  VOLT  S/CM_ SWEEP/CM 


-  B146  - 


Z9080-3010FR 

Vol.  II 


VOLTS/CM - 5 - .SWEEP/CM  50  usee  VOLTS/CM 
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Z9080-3010FR 


VOi  TS/CM  2  SWEEP/CM  50  us-e9  VOLTS/CM_ SWEEP/CM 
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VOLTS/CM 50 j mv — SWEEP/CM  50  usee  VOLTS/CM_ SWEEP/CM 


-  B151  - 


S/N  22  q  S/N  23  c 

T=  1.16  x  l(r  y=  1.16  =  10^ 


READOUT 

AMPLIFIER 


S/N  24 

7  =  1.13  x  10' 


5  VOLT  REGULATOR 


S/N  37  q 
*7=  279  x  10- 

S/N  25  g 
f  =  1.21  x  10v' 

S/N  28  q 
7=  1.25  >:  10v- 


S/N  31  q 

7  =  1.24  x  10- 

S/N40  q 

7  =  1.12  x  10 - 


START 

CIRCUIT 


S/N  34  q 
1.27  x  10v 


S/N  38  q 
7=1.13x10* 

r — } 


S/N  26  q 
7=  1.20  x  10* 


S/N  29  9 

7=  1.28  x  10* 


S/N  39  9 

7=  1.13  x  10 

DS/N  27  g 

7=  1.22  x  10* 


S/N  30  q 
7=  1.26  x  10* 


10  VOLT  REGULATOR 


S/N  32 
7=  1.24 


s/nTi  % 

7=  1.08  x  10* 

DC/DC 

CONVERTER 


-1000  V 


+2100  V 


S/N  33  q 
7=  120  x  10* 

0  S/N  42  g 
7=  1-12  x  10* 


S/N  35  q 
?  =  1.28  x  10* 


S/N  36  q 
1  =  1.25  x  10* 


*  THIS  READING  CONSIDERED  TO  BE  IN  ERROR  AND  WAS  NOT  INCLUDED 
IN  DOSE  AND  DOSE  RATE  CALCULATIONS. 


Support  Electronics  Dosimetry  (Shot  No.  28) 


Z9080-3010FR 
Vol.  II 


5 

§ 

|  I 

5  H 
^  § 
l  a 


f  > 
2  H 

o  w 
\  S 
to  H 

I—  CO 
_J  o 

§  I 

e 

o 

3 

w 


Q.  , 
UJ  ' 
LU  oo 

CO  • 


ilk-. 


» 

•  ✓. 

li  *  ' 

t 

•  f 

♦ 

< 

4 

H 

1 

iiLj 

/  j 

1 

• 

i  ' 

j 

'  * 

t 

—<—■  ■  --+■  •  - 
;  v  ;  '■  « 

K 

•  a 

VOLTS/CM - i - SWEEP/CM 50 usec  VOLTS/CM_ SWEEP/CM 
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TEST  N0*  28-4,  5,  6:  SUPPORT  ELECTRONICS  TEST  -  10  VOLT  MONITOR 
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Vol.  II 
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VOLTS/CM  if  SWFFP/P.M  50  usee  V0LTS/CM_ SWEE°/CM 


VOLTS/CM _ 5Q  mv  <;wFFP/r.M  -5  usee  VOLTS/CM - SWEEP/CM  . 5 '-“*!!£ 

TEST  NO.  28  -  16,  17,  18:  SUPPORT  ELECTRONICS  TEST  -  READOUT  AMPLIFIER 


-  B157  - 


Z9080-3010FR 
Vol.  II 


\/fu  j s/CM  50  mv  SWEEP/CM  50  usec  VOLTS/CM - SWEEP/CM 


/~s  READOUT 

S/NA418  o  AMPLIFIER 

f  =7.93x  10a 


5  VOLT  REGULATOR 


S/NA426  n 
f  =  7.77  x  10° 


S/N  A419 
?  =  8.61  x  10 


S/N  A425  o 
7  =  7.88  x  10° 


10  VOLT  REGULATOR 


S/NA422  , 

If  =8,02  x  10* 


START 

CIRGU'T 


S/NA424  p 
f  =  7.12  x  10° 


S/NA429  p 
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SECTION  I 

INTRODUCTION  AND  SUMMARY 


INTRODUCTION 

This  is  the  tenth  progress  report  submitted  to  the  U.S,  Army  Advanced  Ballistic 
Missile  Defense  Agency,  under  Contract  No.  DAHC60-71-C-0041  for  the  develop¬ 
ment,  fabrication,  radiation  laboratory  proof  testing,  and  delivery  of  a  radia¬ 
tion-hardened  laser  angular  rate  sensor  (LARS).  The  hardened  LARS  will  fea¬ 
ture  a  three-axis  ring  laser,  with  power  supplies,  laser  starting  and  control 
electronics,  readout  detectors  and  amplifiers,  and  digital  signal  processing 
electronics. 

Emphasis  of  the  program  is  to  demonstrate  the  feasibility  of  hardening  the  elec¬ 
tronics  essential  to  the  implementation  of  the  ring  laser  gyro  as  a  sensor  sub¬ 
system.  With  the  UPSTAGE  LTRG  design  as  a  base,  the  primary  circuits  will 
be  redesigned  and  hardened  electronic  components  used  in  an  effort  to  achieve 
the  desired  hardness  for  the  LARS.  The  program  entails  the  design,  fabrica¬ 
tion,  and  laboratory  radiation  proof  testing  of  breadboard  and  prototype  elec¬ 
tronics,  together  with  a  ring  laser,  as  shown  in  the  program  milestone  schedule 
(Figure  1). 


SUMMARY 

During  October  the  emphasis  was  on  the  prototype  layouts  and  the  post-FBR 
testing.  The  fourth  oral  program  review  was  conducted  in  Washington,  D.  C. 
on  7  October  1971. 
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SECTION  II 

PROGRAM  ACTIVITIES 

This  section  details  the  activities  in  the  tasks  that  are  currently  in  progress. 
The  tasks  discussed  are  fast-burst  reactor  test,  future  test  plans,  and  proto¬ 
type  design. 

FAST-BURST  REACTOR  (FBR)  TEST 

Two  sets  of  breadboards  were  constructed  to  permit  testing  of  each  circuit 
function  individually,  and  then,  interconnected  with  the  laser  gyro  in  an 
operational  single-axis  system  as  shown  in  Figure  2.  Additional  tests  out¬ 
side  of  the  system  included  an  alternate  amplif’er/trigger  circuit  and  a 
Germanium  fringe  pattern  detector  (to  measure  photocurrent  response  for 
computer  modeling  purposes).  All  tests  were  set  up  with  cabling  prewired 
to  connectors  to  reduce  the  setup  and  teardown  time.  Three  test  setups 
were  used: 

1)  the  digital  electronics  (Figure  3a) 

2)  the  individual  circuits  with  the  sensor  photocurrent  (Figure  3b) 

3)  the  laser  gyro  system  with  the  sensor  photocurrent  test  (Figure  3c) 

All  setups  were  assembled  on  a  mockup  and  evaluated  in  the  lab  prior  to 
the  field  tests. 
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TESTING 

The  test  gear  was  transported  to  the  FBR  at  White  Sands  Missile  Range 
(WSMR)  15  August  and  set  up  on  16  August.  August  17  the  digital  boards 
received  four  bursts,  with  operation  normal.  The  individual  circuits  test  was 
set  up  that  afternoon.  Testing  proceeded  with  three  bursts  18  August  and 
the  fourth  the  morning  of  19  August..  That  afternoon  the  laser  gyro  system 
received  two  bursts,  with  two  additional  bursts  20  August  before  teardown 
and  packing  for  shipment. 


FBR  POST -TEST  ANALYSIS 

Fast-burst  reactor  (FBR)  post-test  analysis  has  proceeded  slowly  due  to  a 
heavy  prototype  design  load.  The  dosimetry  data  was  received  and  reduced 
and  indicated  that  the  reactor  neutron  dosage/ burst  was  50  percent  higher 
than  was  anticipated.  This  improves  the  redesign  .tatus  somewhat,  since  the 
circuit  designs  previously  considered  marginal  at  he  estimated  level  of  interest 
now  appear  acceptable.  The  phases  of  the  FBR  post-test  analysis  that  have  the 
most  severe  program  impact  are  completed  and  presented  in  this  report  along 
with  Appendix  A,  which  presents  the  FBR  test  data.  Further  analysis  results 
will  be  published  when  available  and  summarized  in  the  Final  Report. 


Summary 

During  the  FBR  testing  at  White  Sands  Missile  Range  (WSMR),  several  on-site 
observations  were  made  as  briefly  stated  below: 

1)  Digital  boards  -  normal  operation  -  design  complete 

2)  Germanium  photosensor  -  large  photocurrents  observed 
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3)  Readout/ trigger  operated  normally 


4)  One  5-volt  regulator  failed 

5)  High-voltage  d-c/d-c  converter -output  voltage  dropped 

6)  Difficulty  keeping  the  discharge  "lit"  during  bursts 

7)  Loss  of  fringe  pattern  detector  signal  to  one  amplifier 

8)  Start/ restart  circuit  functioned  normally 

Appendix  A  presents  the  actual  photographic  test  data  and  some  laboratory 
photos  depicting  the  changes  seen  in  some  of  Jhe  electronic  components.  Using 
the  data  included  in  the  photos  with  the  on-site  observations  and  post-test 
measurements,  the  following  conclusions  were  drawn. 

1)  Digital  circuitry  -  use  as  is  in  prototype 

7 

2)  The  Germanium  detector  shows  a  3. 15  ma  at  lx  10  rad(Si)/sec 
photocurrent  response  plus  a  10-fold  permanent  increase  in  reverse 
bias  leakage  current.  The  photocurrent  response  is  a  problem  and 
should  be  compensated.  The  reverse  current  leakage  increase  is 
well  within  the  common-mode  rejection  capabilities  of  the  differen¬ 
tial  amplifier  and  presents  no  problem. 

3)  The  readout/ trigger  circuit  design  is  ready  for  the  prototype. 

4)  The  5-volt  regulator  analysis  is  incomplete  and  will  be  reported  later. 

5)  As  expected,  the  voltage  feedbacks  and  synchronizing  signals  with 
a  redesigned  transformer  compensate  for  the  permanent  damage  in 
the  d-c/d-c  converter  and  "heal"  the  radiation  damage,  making  the 
high-voltage  supplies  operational  with  the  irradiated  parts.  Some 
transient  testing  remains  on  the  high-voltage  supplies  but  the  outcome 
looks  good. 
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6)  The  gyro  shows  no  degradation.  The  difficulty  in  keeping  the  dis¬ 
charge  ’’lit"  during  bursts  is  due  to  the  "soft"  high-voltage  supply. 

7)  The  loss  of  fringe  pattern  detector  output  has  not  been  verified. 

The  detector  leads  will  be  examined  when  the  ball  is  removed  from 
the  frame  for  installation  of  the  pitch  and  yaw  prisms  and  detectors. 

8)  The  start/restart  circuit  functioned  normally  but  test  data  reduction 
showed  excessive  photocurrent  responses.  Compensation  is  con¬ 
sidered  desirable  and  is  being  incorporated  into  the  prototype. 

Presented  in  the  following  paragraphs  are  detailed  circuit-by-circuit  descrip¬ 
tions  of  how  the  circuit  performance  was  evaluated  and  what  corrections  can 
be  made  in  the  prototype  design. 


5 -Volt  Input  Regulator 


Since  the  Serial  No.  1  5- volt  regulator  went  through  both  the  SFXR  and  the  FBR 
without  failure  and  performed  according  to  computer  predictions,  the  analysis 
of  the  Serial  No.  2  failure  has  had  less  priority  and  is  not  complete  at  this 
writing.  The  computer  predictions  (Figure  4)  and  the  measured  performance 
(pages  A39,  A46,  A53  and  A59  of  Appendix  A)  of  Serial  No.  1  5-volt  regulator 
(Figure  5)  indicate  a  problem  that  has  two  supplementary  causes: 

a)  The  Ql,  2,  3  and  5  photocurrent  responses 

b)  The  Q4  and  Q.15  photocurrent  response 

Ql  is  a  photocurrent  compensator  for  Q2  in  that  it  prevents  the  turn-on  of  Q2 
due  to  Q2  primary  photocurrent.  The  Ql  and  Q2  primary  photocurrents  pass 
through  the  Ql  and  Q2  collector-base  junctions  in  a  series  circuit  that  completes 
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Figure  5.  5-Volt  Input  Regulator 
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Q4  photocurrent  is  compensated  by  Q15  except  that  the  bias  voltages  are  dif¬ 
ferent  (Q4,  VCB  =  35  volts  and  Q15,  VCB  =  5  volts  when  the  input  voltage  is 
at  40  volts).  Replacing  the  Q15  (BR100F)  transistor  with  a  diode  that  has  a 
10-percent  greater  photocurrent  response  than  the  BR100F  will  ensure  that 
Q4  remains  in  the  "off"  mode  during  a  gamma  exposure. 

Both  of  the  above  changes  have  been  incorporated  into  the  prototype  circuits. 


HV  D-C/D-C  Converter 

The  high-voltage  d-c/d-c  converter  (Figure  6)  survived  four  bursts  in  the 
individual  circuit  testing.  The  output  voltage  dropped  at  each  burst,  going 
from  an  initial  -845  volts  to  -790  volts  in  three  shots.  The  10-volt  switching 
regulator  (Figure  7)  showed  a  corresponding  decrease  in  output.  Since  the 
10-volt  regulator  and  the  1IV  d-c/d-c  converter  were  connected  "open  loop", 
the  high  voltage  should  drop  along  with  the  10-volt  regulator.  Laboratory  tests 
with  the  10-volt  regulator  and  the  HV  d-c/d-c  converter  connected  "closed 
loop"  indicate  that  the  power  supply  would  have  maintained  the  -845  volts 
throughout  the  four  bursts. 

Computer  analyses  indicate  that  the  rise  in  output  voltage  (Figures  A9,  A 16,  A22, 
and  A28  of  Appendix  A)  during  the  burst  is  caused  by  photocurrents  in  the 
switching  transistor.  The  two  2N3251s  are  adding  a  photocurrent  to  that  of 
the  switching  transistor  and  the  switching  transistor  compensator  (BR100F  / 

Q15)  cannot  compensate  for  both  currents.  The  substitution  of  a  11178122  / 

diode  for  the  BR100F  compensating  transistor  will  overcompensate  the  switching 
transistor  and  ensure  its  remaining  off  during  transient  radiation.  The  com¬ 
puter  also  indicates  that  the  power  dissipation  in  the  BR100F  converter  tran¬ 
sistors  will  approach  120  watts  for  a  short  time  due  to  uncompensated  ^hoto- 
currents  in  the  converter  transistors.  Adding  the  11178122  diodes  should 
compenate  the  converter.  These  compensation  elements  are  include/!  in  the 

prototype  circuits.  / 

/ 
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Figure  6.  High-Voltage  D-C/D-C  Converter 
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Figure  7.  10-Voit  Input  Regulator 
Laser  Start/Restart  Circuit 

Figure  8  shows  the  start /restart  circuit  including  the  added  photocurrent  com¬ 
pensator  to  prevent  the  photocurrents  from  Q1  and  Q2  from  p~->viding  an  "O" 
input  to  the  54H31  gate.  Previous  analysis  indicated  that  the  photocurrent  in 
Q8  would  energize  the  start  function  at  levels  above  1x10  rad{Si )/ sec  of 
gamma  input.  Pages  All,  A18,  A?4,  andA30  of  Appendix  A  show  the  start  cir¬ 
cuit  energizing  at  much  lower  levels.  This  low-level  "turn-on"  of  the  start 
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Figure  8.  Laser  Start/Restart  Circuit 

circuit  is  caused  by  photocurrent  in  Q2  providing  an  "O"  to  the  logic  gate 
which  then  calls  for  a  start  function.  When  the  start  circuit  "turns  on"  the 
+  2000  volts  are  applied  to  the  discharge,  increasing  the  load  on  the  d-c/d-c 
converter.  The  increased  load  lowers  the  run  voltage  (-1000  volts)  and 
increases  the  ripple  content  of  the  run  voltage.  The  lowered  run  voltage  and 
the  increased  ripple  may  (depending  on  the  ability  of  the  voltage  feedback  to 
compensate  for  these  changes)  cause  a  degradation  of  the  gyro  performance. 

It  is  desirable,  if  not  necessary,  to  prevent  any  gyro  performance  degradation 
at  levels  below  1  x  10^  rad(Si)/sec. 


Z9080-3010FR 
Vol.  II 


-s  C17  - 


Fringe  Pattern  Detector 


The  fringe  pattern  detector  has  a  high  [3. 15  ma  at  1  x  loj  rad(Si)/ sec]  photo- 
current  response,  that  if  uncompensated,  drives  the  detector  into  a  circuit- 
connected  current  limiting  saturation  at  levels  as  low  as  3  x  106  rad(Si)/sec. 

The  recovery  time*  is  extended  by  this  type  of  saturation  to  as  much  as  150  psec, 
depending  on  the  input  radiation  level.  The  addition  of  a  compensating  diode 
will  limit  the.  saturation  and  reduce  the  recovery  time  to  1  psec  and  if  ideally 
compensated  may  permit  operation  through  the  gamma  input.  A  1.0-percent 
error  in  photocurrent  compensation  would  allow  the  differential  amplifier  to 

n 

read  the  detector  output  without  error  at  gamma  input  levels  up  to  3  x  10 
rad(Si)/ sec.  A  linear  compensation  with  10-percent  accuracy  is  improbable  if 
not  impossible  since  the  gamma  saturation  level  of  the  detector  (Germanium) 
and  compensator  (silicon)  are  different.  If  the  compensator  remains  linear  to 
higher  levels  than  the  detector  the  differential  amplifier  will  see  a  high  common  - 
mode  voltage  at  the  input.  The  amplifier  can  read  through  a  1-volt  increase  in 

n 

common-mode  voltage.  The  Germanium  detector  appears  to  saturate  at  6.  6x  10 
raa(Si)/  sec  probably  due  to  exhausting  the  population  of  electrons  in  the  energy 
levels  below  the  photon  energy  of  the  gamma.  This  type  of  saturation  has  a 
fast  recovery  time.  At  this  point  the  differential  amplifier  is  shut  off  by  the 
input  common-mode  voltage  going  to  zero.  The  compensator  continues  to 
increase  ito  photocurrent  as  gamma  increases  turning  on  the  differential  ampli- 

g 

fier  at  1. 1  x  10  rad(Si)/ sec.  The  differential  amplifier  remains  on  until 
2  x  10  rad(Si)/sec,  where  the  common-mode  input  voltage  exceeds  3.  5  volts. 

At  levels  above  2  x  108  the  differential  amplifier  is  off  but  all  time  constants 
are  minimized  and  the  readout  will  be  back  "on  the  air"  within  1  psec  of  the 
end  of  the  gamma  input. 
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Prototype  De.^gn 

Figure  9  shows  an  assembly  drawing  of  the  prototype  GG1331  Radiation- 
Tolerant  Laser  Triad  Rate  Gyro  (LTRG).  The  electronics  during  this  neutron 
and  gamma  test  phase  are  built  using  discrete  components  mounted  on  two- 
lsyer  fiberglass  printed  circuit  boards.  Twisted-pair  wiring  is  used  exclu¬ 
sively  for  the  electronics  interconnections.  Ground  planes  are  utilized  in 
the  critical  circuit  areas  in  the  switching  regulators  and  the  converter. 

A  novel  feature  of  the  GG1331  is  the  treatment  of  the  EMI  filter  pin  connecters, 
(Figures  9a  and  9b).  Past  experience  with  this  type  of  connector  dictates  that 
1)  signal  lines  and  power  lines  must  be  well  separated,  and  2)  the  RF  path  to 
chassis  must  be  short  and  well  defined.  Isolation  of  signal  and  power  is 
accomplished  by  keeping  all  signal  lines  in  one  connecter  (Figure  9a)  and 
mounting  the  connecter  at  the  opposite  side  of  the  flange  from  the  pov  er  input 
connecter  (Figure  9b). 

The  plastic  spacers  (Figures  9c  and  9d)  provide  a  low-capacitance  separation 
between  the  filter  pin  assemblies  and  the  dust  cover,  thus  defining  the  EMI 
path  to  chassis  by  reducing  the  RF  current  flow  in  the  dust  cover. 
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SECTION  III 
FUTURE  PLANS 


•  Update  circuitry  to  correct  performance  errors  from  first  FBR  testing 


•  Assemble  prototype  GG1331 

•  Test  prototype  at  FBR  12/6/71  to  12/10/71 
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APPENDIX  A 

FAST-BURST  REACTOR  TEST  DATA 
WHITE  SANDS  MISSILE  RANGE  8/16/71  TO  8/20/71 


FBR  test  data  is  as  follows: 


Page  No. 

Burst  No. 

Device  Tested 

Digital  Boards  A2-A7 

1-4 

Individual  Circuits 

A8,  A18 

5,6 

5-volt  regulator  (failed  in  burst  No.  6) 

A 9,  A 16,  A22,  A26 

5,6 

10-volt  regulator 

A 10,  A 17,  A23,  A29 

5,  6,  7,  8 

-1000-volt  converter 

All,  A 18,  A 24,  A30 

5,  6,  7,  8 

Start  monitor  , 

A 12,  A 19,  A25,  A31 

5,  6,  7,  8 

Readout-trigger  S/N  4  (new  design) 

A 13.  A 20,  A26,  A32 

5,  6,  7,  8 

Readout-trigger  S/N  3  (old  design) 

A 14,  A21,  A27,  A33 

5,  3.  7,  8 

Germanium  photodetector  S/N  XV 

System  Testing 

A34,  A41,  A48,  A55 

9,  10,  11.  12 

Slow  digital  pulses  (up  direction) 

A  3  5,  A42,  A49  scope  failed 

9.  10,  11,  12 

Slow  digital  pulses  (down  direction) 

A36,  A43,  ASO,  A56 

9,  10.  11,  12 

Fast  digital  pulses  (up  direction) 

A37,  A44,  A51,  A57 

9,  10,  11,  U 

Fast  digital  pulses  (down  direction) 

A38,  A4S,  A52,  A58 

9,  10,  11  12 

Start  monitor 

A39,  A46,  A53,  A59 

9.  10,  11,  12 

10-volt  regulator  *  upper  trace;  5-volt 
regulator  •  lower  trace 

A40,  A47,  A 54,  A60 

9,  10,  11,  12 

Germanium  photodetector  S/N  XV 

Component  Variations 

A6 1 

5-B 

TI  Germanium  photodetector  1/V  characteristics 

A62 

8-12 

TI  Gtrmantum  photodetector  reverse-current 

I/V  characteristics 

A63 

8-12 

TI  Germanium  photodetector  I/V  characteristics 

A64 

9-12 

Philco-Ford  Germanium  photosensor  reverse- 
current  1/V  characteristics 

A65 

9-12 

Philco-Ford  Germanium  photodetector  forward- 
current  1/V  characteristics 

A66 

9-12 

1N748A  rener  diode  reverse-current  1/V  characteristics 

A67 

9-12 

1N740H  zener  diode  reverse-current  I/V  cnaracteristics 

A68 

... 

Low-voltaje  avalanche  zener  diode  reverse -current 

I/V  characteristics 

A69 

9-12 

BR100F  collector  I/V  characteristics 

A70 

9-12 

2N4878  collector  I/V  characteristics 

Z9080-3010FR 
Vol,  II 


H  =  50  sec/cvn 
V  =  5  Volt/crc 


>UP  COUNT  LINE 

H  ~  500  se.c/cm 
V  =  5  Volt/cm 


BEFORE  BURST 


H  =  50  'sec/cn. 

V  =  5  Volt/cm 

DOWN  COUNT  LINE 

H  =  500  sec/cn 

V  =  5  Volt/cm 


H  =  50  sec/cm 

V  =  5  Volt/cm 

‘  UP  COUNT  LINE 

H  =  500  sec/c.M 

V  =  5  Volt/cm 


DURING  BURST 


H  =  50  sec/cm 

V  =  5  Volt/cm 

DOWN  COUNT  LINE 

H  -  500  sec/cm 

V  =  5  Volt/cm 


DATE  8/ 17/71 
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H  =  50  sec/cm 

V  =  5  Volt/cm 

UP  COUNT  LINE 

H  =  500  sec/cm 

V  =  5  Volt/cm 

BEFORE  BURST 


H  =  50  sec/cm 
V  =  5  Volt/cm 

DOWN  COUNT  LINE 

H  ~  500  sec/cm 
V:  =  5  Volt/cm 


c.  sy- 


H  K  50  sec/cm 

V  =  5  Volt/cm 

UP  COUNT  LINE 

H  =  500  sec/cm 

V  =  5  Volt/cm 


DURING  BURST 


H  =  50  sec/cm 

V  =  5  Volt/cm 

DOWN  COUNT  LINE 

H  =  500  sec/cm 

V  =  5  Volt/cm 


BURST  #  2 


DATE  8/17/71 


FUNCTION  _ Slow  Digital  Pulses 
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H  -  20  sec/cm 

V  =  5  V,olt'/cm 

UP  COUNT  LINE 

H  =  200  sec/cm 

V  =  5  Volt/cm 


BEFORE  BURST 


H  =  20  sec/cm 

V  =  5  Volt/cm 

DOWN  COUNT  LINE 

H  =  200  sec/cm 

V  =  5  Volt/cm 


H  -  20  sec/cm 

V  =  5  Volt/cm 

UP  COUNT  LINE 

H  =  200  sec/cm 

V  =  5  Volt/cm 


DURING  BURST 


H  -  20  sec/ cm 

V  =  5  Volt/cm 

DOWN  COUNT  LINE 

H  =  200  sec/cm 

V  *  5  Volt/cm 


BURST  #  _ 2 _  DATE  8/17/71 

FUNCTION  Fast  Digital  Pulses _ _ _ _ 
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BURST  // 

FUNCTION  _ 'J  Voi-t:  RefeuJ-ator 


Horizontal 

50  A  sec/ 

cm 

Vertical 

5  Vol/:/ 

cm 

BEFORE 

Horizontal 

50U  ftsec 

/cm 

Vertical 

5  Volt 

/cm 

Horizontal 

5li  //  sec 

/cm 

Vertical 

5  Volt 

/cm 

DURING 

Horizontal 

5u0  ft  sec 

/cm 

Vertical 

5  Volt 

/cm 

Horizontal 

50  A  sec 

/cm 

Vertical 

5  Volt 

/cm 

AFTER 

Horizontal 

5u0  A  s<?r/  cm 

Vertical 

5  Volt/  cm 

DATE  8/18/71 
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Horizontal 

50  /<sec/ 

cm 

Vertical 

10  Volt/ 

cm 

BEFORE 

Horizontal 

500  fo.  sec 

/cm 

Vertical 

10  Volt 

/cm 

Horizontal 

50  sec 

/cm 

Vertical 

10  Volt 

/cm 

DURING 

Horizontal 

500  //.sec 

/cm 

Vertical 

10  Volt 

/cm 

Horizontal 

50  sec 

/cm 

Vertical 

10  Volt 

/cm 

AFTER 

Horizontal 

500,/<sec  / 

cm 

Vertical 

10  Volt/ 

cm 

DATE 


8/18/71 
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5 


Horizontal 

SO  sec/ 

cm  | 

Vertical 

u.S  Volt / 

1 

cm 

BEFORE 

1 

Horizontal 

Sou  /‘'sec 

/cm  [1 

Vertical 

U.S  Volt 

1 

/cm 

Horizontal 

5u  /'sec 

1 

1 

/cm  I 

Vertical 

O.S  Volt 

/cm 

DURING 

1 

Horizontal 

SuO  //  sec 

/cm  « 

Vertical 

U.S  Volt 

/cm  * 

Horizontal 

SO  ,U  sec 

1 

1 

/cm 

Vertical 

O.S  Volt 

/cm  I 

AFTER 

1 

Horizontal 

SUU  tt  sec/ 

cm  | 

Vertical 

0.5  Volt  / 

cm 

1 

DATE 

8/18/71 

I 

iv  Power  Supply 
!M!80-3010FR 

- - tt - 


o 


'  w  O  ‘ 


-  C32  - 


Horizontal 

50  M  »®c/ 

cm 

Vertical 

1  Volt/ 

cm 

BEFORE 

Horizontal 

500  /*eec 

/cm 

Vertical 

1  Volt 

/cm 

Horizontal 

50  yttsec 

/cm 

Vertical 

1  Volt 

/cm 

DURING 

Horizontal 

500  zee 

/cm 

Vertical 

1  Volt 

/cm 

Horizontal 

50  JU  sec 

/cm 

Vertical 

1  Volt 

/cm 

AFTER 

Horizontal  500  /<  sec/  cm 
Vertical  1  Volt/  cm 


BURST 
FUNCTION  _ 


# 


5 


Readout/Trigger  Serial  #4 


DATE 


8/18/71 


Z9080-3010FR 
Vol.  II 


Z9080-3010FR 


Same  . as  !' After"  rjjhoto  on 
page  A  8 


Horizontal  iO  sec/  cm 


Same  as  "After"  photo  on 
page  A  9 


Horizontal  50^  sec  /  cm 

Vertical  10  volt  /  cm 

BEFORE 

Horizontal  500/.:  sec  /cm 

Vertical  10  volt  /cm 


Horizontal  50 Jj  sec  / cm 

Vertical  10  volt  /cm 

DURING 

Horizontal  500/,-sec  /cm 

/ 

Vertical  10  volt  /cm 


Horizontal  50  /< sec  /cm 

- 

Vertical  10  volt  /cm 


Horizontal  500  ^  sec /  cm 
Vertical  10  volt/  cm 


BURST  # 
FUNCTION  _ 


10  Volt  Regulator 

Z9080-3010FR 
Vol.  II 


8/18/71 


-  C37 


Same  as  "After"  photo  on  Horizontal  50  ^  sec  /  Cm 

page  A10  .  .  -  •  ^  ? 

Vertical  0,5  volt  /  cm 


BEFORE 


Horizontal  500^,  sec  /cm 
Vertical  0.5  volt  /cm 


Horizontal  50  &  sec  /cm 
Vertical  0,5  volt  /cm 
DURING 


Horizontal  SOPy^ec  /cm 

Vertical  Q.5  volt  /cm 


Horizontal  50^/ sec  /cm 
Vertical  0»5  volt  /cm 


AFTER 

Horizontal  500// sec  /  Cm 
Vertical  0.5  volt  /  cm 


BURST  # 


DATE 


8/18/71 


FUNCTION  _ ,1000  volt  Supply 


Z9080-3010FR 
Vol.  II 


-  C40  - 


Same  as  "After"  photo  on 
page  A13 


Horizontal 

50/^  sec/ 

cm 

Vertical 

1  Volt/ 

cm 

BEFORE 

Horizontal 

500  jU  sec 

/cm 

Vertical 

1  Volt 

/cm 

Horizontal 

50y^  sec 

/cm 

Vertical 

1  Volt 

/cm 

DURING 

Horizontal 

500 /*(.  sec 

/cm 

Vertical 

1  Volt 

/cm 

Horizontal 

50 sec 

/cm 

Vertical 

1  Volt 

/cm 

AFTER 

Horizontal 

500 /<  s.ec/ 

cm 

Vertical 

1  Volt  / 

cm 

BURST  n _ l _  DATE 

FUNCTION  Readout/Trigger  S/N  3 _ 


8/18/71 


Z9080-3010FR 
Vol.  II 


-X  J. 


Horizontal  300;^  sec/  cm 

Same  as  "After"  photo  on  Vertical  1  VoIl/  cm 

page  A14 

BEFORE 

Horizontal  300  p  sec  /cra 
Vertical  \  Volt  /cm 


Horizontal  300  sec  /cm 
Vertical  1  Volt  /cm 
DURING 

Horizontal  300/^  sec  /cm 
Vertical  1  Volt:  /cm 


Horizontal  301)^  sec  /cm 

Vertical  1  Volt  /cm 

AFTER 

Horizontal  30U//  sec  /  cm 

Vertical  *  Volt/  cm 


BURST  #  _ 5 _  DATE 

FUNCTION  Germanium  Photodetector 


8/18/71 


Z9080-3010FR 
Vol.  II 


Same  as  "After"  photo  on 
page  A 16 


Horizontal 

50 jU  sec / 

cm 

Vertical 

10  Volt/ 

cm 

BEFORE 

Horizontal 

500  /J sec 

/cm 

Vertical 

10  Volt 

/cm 

Horizontal 

50  /J-  sec 

/cm 

Vertical 

10  Volt 

/cm 

DURING 

Horizontal 

500  M  sec 

/cm 

Vertical 

10  Volt 

/cm 

Horizontal 

50 yA sec 

/cm 

Vertical 

10  Volt 

/cm 

AFTER 

Horizontal 

500  /A  sec 

cm 

Vertical 

10  Volt 

cm 

BURST  # 


DATE  8/18/71 


FUNCTION 


10  Volt  Regulator 


-  C43  - 


Same  as  "After"  photo  on 
page  A 17 


BURST  # _ l _ 

FUNCTION  -  10QU  Volt  Supply 


Horizontal 

50,/^sec/ 

cm 

Vertical 

0.5  Volt/ 

cm 

BEFORE 

Horizontal 

500  sec 

/cm 

Vertical 

0.5  Volt 

/cm 

Horizontal 

50  /y  sec 

/cm 

Vertical 

0.5  Volt 

/cm 

DURING 

Horizontal 

500  Jy  sec 

/'em 

Vertical 

0.5  Volt 

/cm 

Horizontal 

50  /~  sec 

/cm 

Vertical 

0.5  \'o  1 1 

/cm 

AFTER 

Horizontal 

500  /y  sec 

cm 

Vertical 

0.5  Volt 

cm 

DATE  8/18/71 


Z9080-3010FR 
Vol.  II 


Ktmil 


Same  as  the  "After"  photo  on 
page  A18 


Horizontal  50-/*  sec/  cm 
Vertical  0,5  Volt/  cm 


BEFORE 


Horizontal  300  M  sec  /cm 
Vertical  u*5  Volt  /cm 


Horizontal  b0  P  sec  /cm 
Vertical  0.5  Volt  /cm 
DURING 

Horizontal  500/-*  sec  /cm 
Vertical  0.5  Volt  /cm 


Horizontal  -‘0  M  sec  /cm 
Vertical  Volt  /Cm 


BURST  #  _ l_ 

FUNCTION  Start  Monitor 


Horizontal  Juu  r  se 
Vertical  0.5  Volt 


8/18/71 


Z9080-3010FR 
Vol.  II 


-  C45  - 


Same  as  the  "After"  photo 
on  page  A 19 


Horizontal 

50 /X  sec / 

cm 

Vertical 

1  Volt/ 

cm 

BEFORE 

Horizontal 

5u0  M  sec 

/cm 

Vertical 

1  Volt 

/cm 

Horizontal 

50  M  sec 

/cm 

Vertical 

1  Volt 

/cm 

DURING 

Horizontal  5u0  M  sec 

/cm 

Vertical 

1  Volt 

/cm 

Horizontal 

50  sec 

/cm 

Vertical 

1  Volt 

/cm 

AFTER 

Horizontal 

500/*  sec 

cm 

Vertical 

1  Volt 

cm 

BURST  #  _ l _  DATE 

FUNCTION  Readout/Trigger  Serial  #4 


8/18/71 


Z9080-3010FR 

Vol.  II 


Same  as  the  !lAfter"  photo 
on  page  A20 


Horizontal 

5u/^  sec/ 

cm 

Vertical 

1  Volt/ ^ 

cm 

BEFORE 

Horizontal 

SUOyA  sec 

/era 

Vertical 

1  Volt 

/cm 

Horizontal  SO ,U  sec  /cm 
Vertical  1  Volt  /cm 
DURING 

Horizontal  SQU^/t  sec  /cm 
Vertical  1  Volt  /cm 


Horizontal  SO  sec  /cm 
Vertical  1  Vo^  /cm 


AFTER 

Horizontal  5U0/<  sec  cm 
Vertical  1  Volt  cm 


BURST  #  _ l _ _  DATE 

FUNCTION  Readout/Trigger  Serial  #3 


8/18/71 


Z9080-301CFR 
Vol.  II 


-  C47  - 


Same  as  the  "After"  photo  Horizontal  500  A  sec/  cm 

on  page  A21 

Vertical  0.1  Volt/  cm 

BEFORE 

Horizontal  500  /'sec  /Cm 

Vertical  0.1  Volt  /cm 


Horizontal 

500  sec 

/cm 

Vertical 

0.1  Volt 

/cm 

DURING 

Horizontal 

500  sec 

/cm 

Vertical 

0.1  Volt 

/cm 

Horizontal 

500  /'  sec 

/cm 

Vertical 

0.1  Volt 

/cm 

AFTER 

Horizontal 

500  /J sec 

cm 

Vertical 

0.1  Volt 

cm 

BURST  #  7 _  DATE  8/18/71 

FUNCTION  Germanium  Photodetector 


Z9080-3010FR 
Yol.  II 


Horizontal  50  /■*  sec/ 
Vertical  10  Volt/ 


BEFORE 

Horizontal 

Vertical 


500  &  sec 
10  Volt 


Horizontal 

Vertical 

DURING 

Horizontal 

Vertical 


50  /J  sec 
10  Volt 


5uu  /■*  sec 
10  Volt 


Horizontal  50  sec 
Vertical  10  Volt 


AFTER 

Horizontal  500  /y  sec 
Vertical  10  Volt 


BURST  #  _ ® _  DATE  a/19/71 

FUNCTION  ^  Volt  Regulator 


Z9080-3010FR 
Vol.  II 


-  C49  - 


Horizontal  50  /■'  sec/  cm 

Vertical  U.5  Volt/  cm 

BEFORE 

Horizontal  50u//  sec  /cm 

Vertical  0.5  Volt  /cm 


V 

'  ,  '  -  t-  ,  .  ”T  '  - 

i  f 

/ 

Horizontal  5u  ,  sec  ycm 
Vertical  0.5  Volt  /cm 
DURING 

Horizontal  50u  /J sec  /cm 
Vertical  0,5  VoIt  /cm 


BURST  #  _ 8 _ 

FUNCTION  _ -1000  Volt  Supply 


„  .  „  ,  50  /'sec  , 

Horizontal  /  /cm 


Vertical 


AFTER 


0.5  Volt 


Horizontal  5uu  /'sec/  cm 
Vertical  ^  Volt/  cm 


8/19/71 


Z9080-3010FR 
Vol.  II 


f 


I 


Horizontal  50  /J  sec/  cm 

Vertical  0.5  Volt/  cm 

BEFORE 

Horizontal  c£&  /J  sec  /cm 

Vertical  /cm 


BURST  #  _ _ 

FUNCTION  Start  Monitor 


Horizontal 

50  /'  sec 

Vertical 

0.5  Volt 

DURING 

Horizontal 

500  /•''sec 

Vertical 

0.5  Volt 

Horizontal 

50  l*  sec 

Vertical 

0.5  Volt 

AFTER 

Horizontal 

500 y sec/ 

Vertical 

0.5  Volt/ 

'71 

DATE  0/1 

Z9080-3010FR 
Vol.  II 


' 

1 

/  - 

s  * 

- J 

I  ' 

- 

♦ 

-  N  - 

- 

• 

1 

-  •••  v:~  \  •  ■ 

'  *  * 

L  4  •  ' 

•  ^ 

I 

Vertical 

1  Volt 

DURING 

Horizontal 

jw  /'  sec 

Vertical 

1  Volt 

Horizontal 

50  O  sec 

Vertical 

1  Volt 

C53  - 

Horizontal 

100  /■(  sec / 

cm 

Vertical 

0.5  Volt / 

cm 

BEFORE 

Horizontal 

100  /■*  sec 

/cm 

Vertical 

0.5  Volt 

/cm 

Horizontal 

luO ft  sec 

/cm 

Vertical 

U.5  Volt 

/cm 

DURING 

Horizontal 

100  /.<  sec 

< 

/cm 

Vertical 

0.5  Volt 

/cm 

Horizontal 

100  it  sec 

—  ■  -  im.t  ■■  -  — . 

/cm 

Vertical 

0.5  Volt 

/cm 

AFTER 

Horizontal 

100 /<  sec/ 

cm 

Vertical 

0.5  Volt/ 

cm 

BURST  §  _ ° _ 

FUNCTION  Germanium  Piiotodetector 


DATE  8/19/71 


Z9080-3010FR 
Vol.  II 


Horizontal  50  //sec 
Vertical  5  Volt/ 

BEFORE 

Horizontal  500  ,Asec 
Vertical  D  Volt 


Horizontal  50  //  sec 

Vertical  5  Volt 

DURING 

Horizontal  500  //  sec 
Vertical  5  Volt 


Horizontal  50  //sec 
Vertical  5  Volt 

AFTER 

Horizontal  500  ,U  sec  / 
Vertical  5  Volt/ 


BURST  #  _ l _  DATE  8/19/71 

FUNCTION  Slow  Digital  Pulses  (Up) 


Z9080-3010FR 
Yol.  II 


Horizontal 

50  /<  sec/ 

cm 

Vertical 

5  Volt/ 

cm 

BEFORE 

Horizontal 

50u  ll  sec 

/cm 

Vertical 

5  Volt 

/cm 

Horizontal 

50  j/  sec 

/cm 

Vertical 

5  Volt 

/cm 

DURING 

Horizontal 

50u  //sec 

/cm 

Vertical 

5  Volt 

/cm 

Horizontal 

00  /.^  sec 

/cm 

Vertical 

8  Volt 

/cm 

AFTER 

Horizontal 

5U0  U  sec/ 

/ 

cm 

Vertical 

5  Volt/ 

cm 

BURST  #  _ l _  DATE 

Slow  Digital  Pulses  (Dovm) 


8/19/71 


FUNCTION 


Z9080-3010FR 
Vol.  II 


\  1* 


L 


'1] 


■  v-  . — f- 


r  - 


•J’.. 


■*>& 


Horizontal 

20  //sec/ 

Vertical 

2  Volt/ 

BEFORE 

Horizontal 

200  / c sec 

Vertical 

2  Volt 

Horizontal 

20  p  sec 

Vertical 

2  Volt 

DURING 

Horizontal 

200  /zsec 

Vertical 

2  Volt 

Horizontal 

20  fS  sec 

Vertical 

2  Volt 

AFTER 

Horizontal 

200  p  sec/ 

Vertical 

2  Volt/ 

BURST  ff 


FUNCTION 


Fast  Digital  Pulses  (Up) 


Z9080-3G10FR 
Vol.  II 


) 

\ 


*> 


Horizontal  20  /■<  sec 
Vertical  2  Volt/ 

BEFORE 

Horizontal  200  Ju  sec 
Vertical  2  Volt 


k 


t 


Horizontal  20  /*  sec 
Vertical  2  Volt 

DURING 

Horizontal  200//sec 
Vertical  2  Volt 


Horizontal  20/~*  sec 
Vertical  2  Volt 


Horizontal  ^  T  s 

ec/  cm 

Vertical  2  Volt / 

cm 

BURST  #  9 

DATE  8/19/71 

FUNCTION  Fast  Digital  Pulses  (Down) 

Z9080-3010FR 
Vol.  II 


Horizontal  100  /£  Sec/ 
Vertical  0.5  Volt/ 


BEFORE 


Horizontal 

Vertical 


100 /J-  sec 
0.5  Volt 


Horizontal 

Vertical 

DURING 

Horizontal 

Vertical 


luu  jul  sec 
0.5  Volt 


lU0  /t  sec 


0.5  Volt 


Horizontal  100 sec 
Vertical  0.5  v°lt 


AFTER 


Horizontal  100 sec/ 
Vertical  0.5  Volt/ 


_Z _  DATE  8/19/71 

Photodetector 


Z9080-3010FR 

Vol.  II 


BURST  # _ 10 _  D 

FUNCTION  Slow  Digital  Pulses  (Up) 

Z9080-3010FR 

Vnl  IT 


8/19/71 


-  C62  - 


V 


Horizontal  /'  sec 
Vertical  5  Volt 
DURING 

Horizontal  500 sec 
Vertical  5  Volt 


Horizontal  50  M  sec  /cm 

Vertical  5  Volt  /cm 

AFTER 

Horizontal  500  sec/  cm 

Vertical  5  Volt/  cm 


BURST  # 


FUNCTION  Slow  Digital  Pulses  (Down) 


Z9080-3010FR 
Vol.  II 


8/19/71 


rii  $ 


i- 


Horizontal 

20  /''sec/ 

cm 

Vertical 

2  Volt / 

cm 

BEFORE 

Horizontal 

200 /<  sec 

/cm 

Vertical 

2  Volt 

/cm 

Horizontal 

20  /•'  sec 

/cm 

Vertical 

2  Volt 

/cm 

DURING 

Horizontal 

200  /' sec 

/cm 

Vertical 

2  Volt 

/cm 

Horizontal 

20  /■<  sec 

/cm 

Vertical 

2  Volt 

/cm 

-J  J :J 


Horizontal  200  /'sec/ 
Vertical  2  Volt/ 


BURST  H  _ JJJ _ DATE  ZlWlTL 

FUNCTION  Fast  Digital  Pulses  (Up) _ 


Z90S0-3010FR 
Vol.  II 


Horizontal 

20  M  sec/ 

cm 

Vertical 

2  Volt / 

cm 

BEFORE 

Horizontal 

200-/^  sec 

/cm 

Vertical 

2  Volt 

/cm 

Horizontal 

20  A  sec 

/cm 

Vertical 

2  Volt 

/cm 

DURING 

Horizontal 

200  sec 

/cm 

Vertical 

2  Volt 

/cm 

Horizontal 

20  sec 

/cm 

Vertical 

2  Volt 

/cm 

Horizontal  200  M  sec/ 

Vertical  ^  Volt/ 


BURST  # _ ^ _  D 

FUNCTION  Fast  Digital  Pulses  (Down) 


8/19/71 


Z9080-3010FR 
Vol.  II 


-  €65  - 


BURST  #  _ 10 

FUNCTION  Start  Monitor 


Horizontal 

50  /-'sec/ 

cm 

Vortical 

1  Volt/ 

cm 

BEFORE 

Horizontal 

500  /'sec 

/cm 

Vertical 

1  Volt 

/cm 

Horizontal 

50  /"'  sec 

/cm 

Vertical 

1  Volt 

/cm 

DURING 

Horizontal 

500  sec 

/cm 

Vertical 

1  Volt 

/cm 

Horizontal 

50  M  sec 

/cm 

Vertical 

1  Volt 

/cm 

AFTER 

Horizontal 

500  Z'  sec/ 

cm 

Vertical 

1  Volt / 

cm 

DATE 

8/19/71 

Z9080-3010FR 
Vol.  II 


0 


-  C66  - 


Horizontal  500  Jt  »ec/  cm 
Vertical  10  Volt/  cn 

orizontal  500  //  sec  /cn 
ertical  5  Volt _  /cn 


BURST  # 


Horizontal  500  •/<  sec  /cm 
Vertical  10  Volt  /cm 
DURING 

Horizontal  500/^  sec  /cm 
Vertical  5  Volt _  /cm 


Horizontal  500/'  sec  /cm 
Vertical  ^  /Cm 


AFTER 


Horizontal  500 /<  sec /  cm 
Vertical  5  Volt/  cm 


b/19/71 


FUNCTION 


Upper  =  10V  Supply;  Lower  =  5V  Supply 


Z9089-3010FR 
Vol.  II 


Horizontal  100/*  sec/  cm 
Vertical  0.5  Volt/  cm 


BEFORE 

Horizontal  100  /* s*c  /cm 
Vertical  0.5  Volt /cm 


100 sec 
0.5  Volt 


100  JU  sec 
0.5  Volt 


/cm 

/cm 

/cm 

/cm 


'  1 

l 

) 


Horizontal  100  /*  sec  /cm 

Vertical  0.5  Volt  /cm 

AFTER 

Horizontal  100 /*■  sec/  cm 

Vertical  0.5  Volt/  cm 


BURST  H  _ _ _  DATE 

FUNCTION  _ Germanium  Photodetector _ 


8/19/71 


Z9080-3010FR 
Vol.  II 


Vertical  -*  Volt/ 


'*VU 


Horizontal 

Vertical 

DURING 

Horizontal 

Vertical 


50  /J  sec 
5  Volt 


500  p  sec 
5  Volt 


Horizontal 

Vertical 

AFTER 

Horizontal 

Vertical 


50  P  sec 


5  Volt 


500  /'  sec/ 
5  Volt/ 


BURST  # _ ^ _ DATE  »/20/7 1 

FUNCTION  Slow  Digital  Pulses  (Up)  _ 

Z9080-3010FR 
Vol.  II 


-  C69  - 


Horizontal  _30/<  sec/  cm 

Vertical  3  Volt/  cm 

BEFORE 

Horizontal  30u  ,'<  sec  /Cm 

Vertical  5  Volt  /cm 


Horizontal  b0 /\sec  /cm 
Vertical  3  Volt  /cm 
DURING 

Horizontal  3u0/-/  sec  /cm 
Vertical  3  Volt  /cm 


Horizontal  30  /-<  sec  /cm 

Vertical  3  Volt  /cm 

AFTER 

Horizontal  300  U  sec/  cm 

Vertical  3  Volt/  cm 

BURST  H  _ ^ _  DATE  8/20/71 _ 

FUNCTION  Slow  Digital  Pulses  (Down) _ 

Z9080-3010FR 
Vol.  II 


C70  - 


Horizontal 

20  />  sec/ 

cm 

Vertical 

2  Volt / 

Cm 

BEFORE 

Horizontal 

200 //sec 

/era 

Vertical 

2  Volt 

/cm 

■■mesas 


Horizontal 

20  //sec 

/cm 

'Vertical 

2  Volt 

/cm 

cDURING 

Horizontal 

200  U  sec 

/cm 

Vertical 

2  Vclt 

/cm 

Horizontal  20  t<  sec  /cra 

Vertical  2  Volt  /cm 

AFTER 

Horizontal  200  O  sec/  cm 

Vertical  2  Volt/  cm 


BURST  # 


DATE  8/20/71 


FUNCTION  FwSt  Digital  Pulses  (Up) 


Z9080-3010FR 
Vol.  II 


-  C71  - 


Horizontal 

20  U  sec/ 

cm 

Vertical 

2  Volt / 

cm 

BEFORE 

Horizontal 

200  /<  sec 

/cm 

Vertical 

2  Volt 

/cm 

Horizontal 

20 yv  sec 

/cm 

Vertical 

2  Volt 

/cm 

DURING 

Horizontal 

200  /'  sec 

/cm 

Vertical 

2  Volt 

/cm 

Horizontal 

20  /•'  sec 

/cm 

Vertical 

2  Volt 

/cm 

AFTER 

Horizontal 

20U  /<  sec/ 

cm 

Vertical 

2  Volt/ 

cm 

BURST  # _ ^ _ DATE  H/20pl 

Fast  Digital  Pulses  (Down) 


FUNCTION 


Z9080-3010FR 
Vol.  II 


-  C72  - 


1 


Horizontal 

50  M sec/ 

cm 

Vertical 

1  Volt/ 

cm 

BEFORE 

Horizontal 

5UQ  f  sec 

/cm 

Vertical 

1  Volt 

/cm 

Horizontal 

50  ft  sec 

/cm 

Vertical 

1  Volt 

/cm 

DURING 

Horizontal 

500 jlj  sec 

/cm 

Vertical 

1  Volt 

/cm 

Horizontal 

50  //  sec 

/cm 

Vertical 

1  Volt 

/cm 

AFTER 

Horizontal 

500 /<  sec  /  cm 

Vertical 

1  Volt/  cm 

BURST  # 


11 


DATE 


8/20/71 


FUNCTION 


Start  Monitor 


Z9080-3010FR 

Vol.  TT 


1 


1 

1 

I 

I 


I 


I 

I 

I 


C73 


Horizontal 

500  /Ssec/ 

cm 

Vertical 

10  Volt/ 

cm 

BEFORE 

i 

Horizontal 

500  y^sec 

/cm 

Vertical 

? 

5  Volt 

/cm 

Horizontal 

Vertical 

DURING 

Horizontal 

Vertical 


500  p  sec 
10  Volt 

500  /•■  sec 
5  Volt 


/cm 

/cm 

/cm 

/cm 


Horizontal 

50  y^sec/ 

cm 

Vertical 

5  Volt/ 

cm 

BEFORE 

Horizontal 

500  /J  sec 

/cm 

Vertical 

5  Volt 

/cm 

Horizontal 

50  jfi  sec 

/cm 

Vertical 

5  Volt 

/cm 

DURING 

Horizontal 

500  /'  sec 

/cm 

Vertical 

5  Volt 

/cm 

Horizontal 

50  /'sec 

/cm 

Vertical 

5  Volt 

/cm 

AFTER 

Horizontal 

500  /y  sec/ 

cm 

Vertical 

5  Volt/ 

cm 

12 _  DATE.  8/20/71 

Pulses  (Up) 


Z9080-3010FR 
Vol.  II 


-  C76  - 


BURST  H  _ H _ 

FUNCTION  , _ Fast  Digital  Pulses  (Up) 


Horizontal 

20  /'  sec / 

cm 

Vertical 

2  Volt/ 

cm 

BEFORE 

Horizontal 

200  ,U sec 

/cm 

Vertical 

2  Volt 

/cm 

Horizontal 

20  /.( sec 

/cm 

Vertical 

2  Volt 

/cm 

DURING 

Horizontal 

200  sec 

/cm 

Vertical 

2  Volt 

/cm 

Horizontal 

20  A  sec 

/cm 

Vertical 

2  Volt 

/cm 

AFTER 

Horizontal 

200 /l  sec/ 

cm 

Vertical 

2  Volt / 

cm 

DATE 

8/20/71 

Z9080-3010FR 
Vol.  II 


-  077  - 


i 


1 


! 


Horizontal 

Vertical 

BEFORE 

Horizontal 

Vertical 


20  /<■  sec/ 
2  Volt/ 


200  /u  sec 
2  Volt 


cm 

cm 


/cm 

/cm 


Horizontal 

20  /J-  sec 

/cm 

Vertical 

2  Volt 

/cm 

DURING 

;  Horizontal 

200 /A  sec 

/cm 

Vertical 

2  Volt 

/cm 

Horizontal 

Vertical 

AFTER 

Horizontal 

Vertical 


20//sec  /cm 
2  Volt  /cm 


200/'-  sec/  cm 


BURST  #  _ 12 _ _  DATE  _ 8/20/71 

*■ 

FUNCTION  Fast  Digital  Pulses  (Down) _ 
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BURST  # 


FUNCTION 


Start  uonitor 
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I  1 


Horizontal 

300  A sec/ 

cm 

Vertical 

10  Volt/ 

cm 

BEFORE 

Horizontal 

500  /'sec 

/cm 

Vertical 

5  Volt 

/cm 

Horizontal 

500  A  sec 
/ 

/cm 

Vertical 

1 U  Volt 

/'cm 

DURING 

Horizontal 

500  sec 

/cm 

Vertical 

5  Volt 

/cm 

Horizontal 

500  sec 

■  .  ■  C _ _ 

/cm 

Vertical 

10  Volt 

/cm 

AFTER 

Horizontal 

300  /'sec/ 

cm 

Vertical 

5  Volt / 

cm 

12 _ _  DATE  a/20/71 

10  Volt  Supply;  Lower  =  5  V  Supply 
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1  * 

- 

I 

\J 

•  •  >  • 

• 

v 

* 

1 

■  } 

p  J 

-  .  ■ 

■*  » 

Horizontal 

100  /£  sec / 

Vertical 

0.3  Volt/ 

BEFORE 

Horizontal 

100  /ysec 

Vertical 

0.5  Volt 

Horizontal 

100 /' sec 

Vertical 

0.5  Volt 

DURING 

Horizontal 

100  ytsec 

Vertical 

/0.5  Volt 

Horizontal 

100  J/ sec 

Vertical 

0.5  Volt 

AFTER 

Horizontal 

100 JU  sec/ 

Vertical 

0.5  Volt/ 

BURST  # 


FUNCTION  Germanium  Photodetector 


Z  9080-30 10FR 
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a)  H  =  0.1  Volt/cm 


V  =  0.5  m/cm 


b)  H  =  0.1  Volt/cm 


V  =  0.5  m/cm 


c)  H  -  1.0  Volc/cm 


V  =  10  ma/cm 


TEXAS  INSTRUMENTS  GERMANIUM  PHOTODETECTOR 
FORWARD  AND  REVERSE  i/V  CHARACTERISTICS 


a)  Forward  I/V  Non-lrradiated 

b)  Forward  I/V  Irradiated  With  1.74  x  10  ^  N/cm2 

c)  Reverse  I/V  Irradiated  With  1.74  x  10^  N/cm2 
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a)  H  =  1  Volt/ nip 
V  =  1  roa/cm 


b)  H  =  1  Volt/cm 
V  =  10  ma/cm 


TEXAS  INSTRUMENTS  GERMANIUM  PHOTODETECTOR 
REVERSE  BIAS  I/V  CHARACTERISTICS 

a)  Non-Irradiated 

b)  Irradiated  With  3.5  x  lO1^  N/cm2 


1 

3 

3 

3 

3 

3 

3 

3 

1 

1 

i 

3 

1 

1 

1 

1 

I 


Z9080-3010FR 
Vol.  IT 


1 


-  C83  - 


a)  H  =  0.1  Volt/cm 


V  =  0.5  ma/cm 


b)  H  =  0.1  Volt/cm 


V  =  0.5  ma/citi 


TEXAS  INSTRUMENTS  GERMANIUM  PHOTODETECTOR 
FORWARD  T/V  CHARACTERISTICS 

a)  Nor -Irradiated 

b)  Irradiated  With  3.5  x  lO1^  N/cm2 
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b)  H  =  1  Volt/cm 
V  =  10  ma/cm 


PHILCO-FORD  CERMANIUM  PHOTODETECTOR 
REVERSE  CURRENT  I/V  CHARACTERISTICS 
a)  Non-Irradiated 

bl  Irradiated  With  6.1  x  10^  N/cm^ 
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1 

1 

1 

I 

I 

1 

1 

1 

1 

1 

1 

I 

I 

I 

1 

I 

1 

I 

I 


a)  H  =  0.1  Volt/cm 
V  =  0.5  ma/cm 


b)  H  =  0.1  Volt/cm 
V  =  0.5  ma/cm 


PHILC0-F0RD  GERMANIUM  PSIOTODETECTOR 
FORWARD  I/V  CHARACTERISTICS 

a)  Non-Irradiated 

b)  Irradiated  With  6.1  x  10^  N/cm 
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a)  H  =  0.5  Volt/cm 


V  =  1  ma/cm 


1N748A  ZENER  DIODE 

REVERSE  VOLTAGE  (BREAKDOWN)  I/V  CHARACTERISTICS 

a)  Non- Irradiated 

b)  Irradiated  With  1.75  x  1014  N/cm2 

Z9080-3010FR 
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a)  H  =  0.5  Volt/cm 


1N746A  ZENER  DIODE 

REVERSE  (BREAKDOWN)  i/V  CHARACTERISTICS 

a)  Non-Irradiated 

b)  Irradiated  With  1.75  x  10^ 

Z9080-3010FR 
Vol.  II 


■a)  V  *  1  ma/cm 

H  «  0.5  V'/cm 


b)  V  *  1  ma/cm 
H  »  0.5  V/cm 


LOW  VOLTAGE  AVALANCH  ZENER  DIODES 
REVERSE  BREAKDOWN  I/V  CHARACTERISTICS 

a)  4.3  Volt  Zener 

b)  4.7  Volt  Zener 
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b)  H  =  0.5  Volt/cm 

V  =  100  ma/cm 

Base  I:  10  steps  @  0.5  ma/step 

c)  H=  0.5  Volt/cm 

V  =  20  ma/cm 

Base  I:  10  steps  @  0.5  ma/step 


BR100F  TRANSISTOR 
COLLECTOR  I/V  CHARACTERISTICS 

a.)  Typical  Non- Irradiated 
b)  After  1.5  x  10^  N/cm^ 


c)  Vertical  Expansion  of  (b) 

Z9080-3010FH 
Vol.  II 


b)  V  =  0.5  ma/cm 
H  =  0.2  Volt/cm 

Base  I:  10  steps  @  .005  ma/step 


V  =  0.5  ma/cm 
H  -  0.2  Volt/cm 

Base  I:  10  steps  @  .005  ma/step 


2N4878  TRANSISTOR 
COLLECTOR  I/V  CHARACTERISTICS 

a)  Typical  Non-Irradiated 

b)  Worst  Case  After  1.5  x  1014  N/cm2 
r.)  Best  Case  After  1,5  x  IQ14  N/cm2 
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Table  AI.  Reactor  Dosimetry  Data 


Burst  No. 

Dosimeter 

Location 

Gamma  Rate  (y) 
10°  Rad  (si)/Sec 

Neutrons,  1012  N/cm2 

1 

1 

1.04 

3.77 

2 

0.  86 

3.25 

3 

1.32 

4.  64 

4 

1.26 

3.  97 

5 

1. 15 

3.  99 

6 

1.21 

4.24 

2 

1 

1.  10 

4.07 

2 

1.  19 

3.40 

3 

1.44 

5.08 

4 

1.25 

4.28 

5 

1.  58 

4.  53 

6 

1.43 

4.  57 

3 

1 

0.  95 

4.  11 

2 

0.  87 

3.27 

3 

1. 36 

5.05 

4 

1.  10 

4.21 

5 

1.25 

4.  53 

6 

1.25 

4.48 
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Table  AI.  Reactor  Dosimetry  Data  (Continued) 
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Table  AI.  Reactor  Dosimetry  Data  (Continued) 


Burst  No. 

Dosimeter 

Location 

Gamma  Rate  (y) 
10®  Rad  (si)/Sec 

Neutrons,  lO"^  N/cm^ 

7 

1 

1.  74 

5.  04 

2 

1.  78 

4.  62 

3 

1.74 

4.  54 

4 

1.  50 

4.  71 

5 

1.52 

4.  37 

6 

1.48 

4.46 

8 

2 

1.20 

4.  54 

3 

1.  18 

4.  52 

4 

1.27 

4,  61 

5 

1.23 

4.46 

6 

1  not  used 

1.  38 

4.  73 

9 

1 

1.  02 

3.  14 

2 

1.  16 

3.  93 

3 

1.  14 

3.  52 

4 

1.20 

3.  68 

5 

1.43 

4.  35 

6 

1.  53 

4.23 
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Table  AI.  Reactor  Dosimetry  Data  (Concluded) 


Burst  No. 

Dosimeter 

Location 

* 

Gamma  Rate  (y) 
108  Rad  (si)/Sec 

Neutrons,  1013  N/cm2 

10 

1 

1.  56 

3.  81 

2 

1.  75 

4.  33 

3 

1.25 

3.47 

4 

1.  79 

4.45 

5 

2.  04 

4.  83 

6 

1.  95 

4.  88 

11 

1 

1.  15 

3.  52 

2 

1.  35 

4.24 

3 

1.  17 

3.  31 

4 

1. 45 

4.  04 

5 

1.  74 

4.  75 

6 

1.  47 

4.  35 

12 

1 

0.  66 

2.  96 

2 

0.  78 

3.24 

3 

0.  58 

2.  37 

4 

0.  76 

3.  01 

5 

0.  69 

3.  56 

6 

0.  83 

3.  35 
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APPENDIX  D 
THE  LASER  GYRO 
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FIGURE  1.  Conventional  gyro. 


The  laser  gyro 

Ymr  in  the  research  and  devcIopm»nt  stage,  the  laser  gym 
shows  promise  of  replacing  many  conventional  inertial  gyioscopes. 
It  is  not  subject  jo  prolonged  starting  time  or  to  the  effects 
of  sadden  acceleration — ideal  specifications  for 
oar  space-age  aeronautic  society 

Joseph  Kill  pat  rick  itimeywcii  tnc. 


One  of  the  most  dramatic  recent  developments  in 
optical  technology  is  the  laser  gy ro,  which  combines 
the  properties  of  the  optical  oscillator,  the  laser,  and 
general  relativit)  to,  produce  an  integrating  rate 
gyroscope.  This  gyro  measures  rotation,  in  inertial 
space,  but  does  not  use  a  spinning  mass  as  conven¬ 
tional  gyros  do.  Because  of  the  absence  of  spinning 
mass,  the  gyro's  performance  is  not  affected  by  ac¬ 
celerations;  and  it  can  sense  very  high  rates  with 
great  accuracy.  Other  important  advantages  of  the 
laser  gyro  arc  lack  of  special  cooling,  low  power 
consumption,  and  simplicity  of  construction. 

file  ideal  sensor  for  inertial  lotation  (angulai  motion 
uitfTiesped  to  the  "lived"  suns)  would  he  a  desist  whose 
output  gives  angle  inuements.  just  as  an  anule  entotlei 
measures  rotation  between  two  nicehaim.il  elements  I  he 
device  would  have  a  well-defined  input  axis  about  which 
the  iotations  weie  measuied  The  angle  sensed  also  would 


be  lice  of  acceleration  effects,  both  angulai  and  lincoi. 
independent  of  the  rate  at  which  the  angle  is  nteasuied, 
and  independent  of  special  environment;!1  laetois  such  as 
temperatures.  The  output  of  the  instiumem -should  be  if 
possible,  high-resolution  digital  signals  that  are  easily 
handled.  Such  a  device  is  availablem  the  form  of  a  single* 
uys  rate-integrating  gyro,  and  it  is cui really  used  in  many 
dilfeient  eontrol  systems.  Inertial  guidance  systems  uvn- 
trol  an  planes,  helicopters,  the  slabili/atton  of  guns, 
cameras,  and-mdar  antennas,  the  guidance  of  ships,  un- 
craft.  and  other  vehicles  by  using  gyroscopes  of  this  type 
to  provide  attitude  references. 

In  oidei  to  sense  altitude  changes  Ibi  motions  m  any 
direction,  thiee  such  sensors  must  be  used  to  independ¬ 
ently  sense  the  rotations  about  ihieea.ves.  usually  oithog- 
onal,  and  use  this  inlomiation  to  dclcimmc  the  pu-use 
angles  between  the cooidinate  system  delincd  l>\  the  gy  i os 
and  the  "lived”  slats. 

In  genet  ill,  the  gvto  is  lived  to  the  vehicle  and.  as  such, 


mi  soiurimi  is  i out k  l'K>7 
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FIGURE  2.  Basic  ring  laser  gyro. 


will  liml  its  input  axis  orientation  varying  with  time. 

I  he  output  is  in  the  form  of  a  phase  shift  between  two 
elcctru  signals,  and  is  the  integral  of  the  input  i.ite 
about  its  input  axis: 

X'  -  j ,  !H/)/r(/V//  (I) 

ii  -  ft,  j'  s;„  ■  n<//  (2) 

wheie  !.’  is  the  input  tale,  n  is  the  input-axis  unit  veetoi, 
and  -V*  is  the  phase  shift  between  the  two  signals. 

Why  •  laser  gyro? 

Conventional  gyms  using  a  spinning  mass  as  a  sensing 
element  sullei  inaccuracies  due  to  many  eiror  sources, 
flicse  include-maxs  unbalance  and-  'uctuic  instabilities 
that  gice  use  to  acceleration  and  nuclerntion-squaicd 
effects,  tind  high  rate  effects.  High  costs  are  associated 
with  the  many  elements,  ax  well  as  the  piectsion  machin¬ 
ing,  assembly,  and  cleanliness  required  in  their  manufac- 
tine  (Fig.  I ).  The  laser  gyio  will  avoid  many  of  these  piob- 
lems.  and  will  probably  be  very  low  in  cost. 

In  addition,  the  run-up  time  of  this  gyro  is  the  time  it 
takes  to  ionize  the  gas  discharge  and  start  the  current 
through  the  cavity.  Times  of  the  order  of  several  milli¬ 
seconds  ate  typical  Inherently,  this  gyro  is  capable,  of 
operating  within  several  milliseconds  after  pushing  a  start 
button.  The  "spin-up"  of  a  mass,  as  used  in  a  conven¬ 
tional  gyro,  is  completely  avoided. 

Ilte  laser  gyro  is  an  integrating-rate  gyro  that  senses 
menial  angles  with  high  precision.  Its  most  dramatic 
features  ate  its  ability  to  sense  those  angles  in  the  piesence 
of  high  accelerations,  and  high  input  rates  as  well  its  low 
.tic delations.  Its  input  is  digital,  and  in  its  simplest  form 
it  is  a  device  with  an  input  axis  and  two  electric  outputs, 
one  for  positive  and  the  other  for  negative  angle  incre¬ 
ments.  Whenevet  the  rotation  about  the  input  aris  equals 
the  M?e  of  the  output  increment  (typically  one  .,  V  second) 
■i  pulse  appeals  If  the  input  rate  is  constant,  (he  output 
pulses  will  appear  at  a  constant  rate. 

I  he  rale  at  which  the  pulses  occur  is  obviously  directly 


piopoition.il  to  the  input  talc  to  the  gyro:  By  counting 
these  pulses,  the  total  angle  through  which  the  gyro  has 
totaled  can  be  mc.tsuicd 

it  is  paradoxical  that,  although  simple  in  constiuction 
and  operation. -the  laser  gym's  description  and  analysis 
lequire  consideration  of  extremely  small  effects.  In  fact, 
this  is  one  of-, the  most  pieitie  instiunfcnts  resulting  from 
the  development  of  laser  technology  It  must, measure 
path  differ  cnees  of  less  than  It)  •  A.  and  frequency  changes 
of  less  than  o.  I  Hr  (a  p/  .vision  of  better  than  one  part  in 
It)1 -yin  order  to  read  re  .atmn  tales  of  less  than  0.1  degree 
per  hour.  The  instrument  is  simply  a  laser  that  has  three 
or  mote  reflectoix  arianged  to  enclose  an  area.*  The 
three  minors,  together  with  the  light-amplifying  material 
in  the  laser  path,  •■dnijfiise  an-'Oscillator  (laser),  as  in 
Fig.  2.  In  fact,  theic  sue  two  oscillators,  one  that  has 
energy  traveling  clockwise,  and  one  that  has  energy 
iiaveling  counterclockwise  around  the  same  path. 

The  frequencies  at  which  these  oscillators  operate  are 
determined  by  the  optical  length  of  the  path  they  travel, 
in  order  to  sustain  oscillation,  two  conditions  must  be 
met:  The  gain  must  lx-  equal  to  unity  at  some  power  level 
vet  by  the  amplifying  medium,  and  the  number  of  wave¬ 
lengths  in' the  cavity  must  lx1  an  exact  integer  (that  is.  the 
phase  shift  around  the  cavity  must  be  zero).  If  the  lirst 
condition  is  to  be  achieved,  the  laser  frequency  must  be 
such  thiit  the  amplifying  medium  has  sufficient  gain  to 
overcome  the  losses  at  the  reflectois  and  other  elements 
in  the  laser  path.  In  addition,  the  wavelength  must  be  an 
exact  integer  fraction  of  the  path  around  the  cavity.  This 
last  condition  actually  determines  the  oscillation  fie- 
quency  of  the  laser. 

When  the  enclosed  ring  is  rotated  in  inertial  space,  the 
clockwise  and  counterclockwise  paths  have  different 
lengths.  (This  effect  is  not  due  to  a  Doppler  shift.)  The 
path  .difference  in  these  two  dncctions  causes  the  two 

*  It  is  inrvri-siuig  to  noli  ili.it  the  word  "gyro"  is  derived  from 
(lie  Greek  “gyros,"  meaning  ring  In  ilus  context  the  t.i<ei  giro 
is  perhaps  .non-  of  a  true  giro  than  the  eoniemion.it  >oi..ting 
wheel,  for  u  is  s....p|i  a  laser  arranged  in  a  ring,  by  using  tliiee 
or  more  reflectors. 


h  i  .rri.i,  Th,  lawr  gyro 
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I.  Path  difference  as  related  to  area  and  input 
rate 


Aiea. 

•.!.  ilegtees 

At. 

square  meters 

per  hour 

angstroms 

1 

10 

66./ X  10 

;n 

10 

66./  X  10 

'»* 

10 

66./ 

to 

10 

66/ 

1 

10 

66/ 

oscillators  to  operate  at  dillcicnt  liequrncicx.  I  lie  dillei- 
enee  is  pro|Tortional  to  the  i ate  at  which  the  ung  is 
i output!,  since  path  dillcicncc  is  piopomonal  to  inertial 
mtationaate.  I  he  readout  ol  the  goo  is  accomplished  by 
nuinitoiing  the  frequency  difference  between  the  two 
laseis.  Tlie-loial  phase  shift.  between  the  oscillatoi. 
cycles  of  output  ■  2n.  is  the  in’.cgial  of  the  input  late.  *.!: 


Si  <! 

(D 

c> ) 

1 1 

til 

M) 

a.  I  .)  ’.!  ill 

*'  ' 

!5) 

I  he  lasei  gyio  assembly  consists  of  the  g.an  media,  the 
lettectors  delining  the  path  and  enclosed  area,  and  a 
leadoui  method  for  monitoring  the  difference  between 
the  two  oscdkitoi  s.  1  his  is  accomplished  by  evaluating  the 
phase  shift  between  the  two  osodatois.  using  two  detec¬ 
tors  to  separate  positive  and  negative  phase  shifts  (to 
sepai  ate  clock  vise  inertial  i  citation  from  counterclockwise 
rotatio'is) 

Basic  principle:  haw  the  same  path  can  he  different 

The  kev-tii  ilie  operation  of  the  laser  gyro  is  the  descrip¬ 
tion  of  the  phenomena  by  which  the  path  around  the 
img  can  lie  different  for  ohseiveis  (photons)  travehng 
in///  file  duection  of  rotation  than  for  ohserveis  traveling 
i/e/iwc  the  direction  of  rotation. 

General  rekltiv  ity 1  predicts  that  two  observers,  traveling 
around  a  closed  path  that  is  rotating  in  me  re.,  space,  will 
lirnf  that  their  clocks  ate  not  in-sytn.Tuoni.’ul»vi  when 
they  i cun n  to  the  slatting  point  (tiaveling  ouc  aiound 
the  path  hut  in  opposite  directions).  The  obseiver  tiavc- 
■ng  in  the  duection  of  iota  tain  will  experience  a  small 
increase,  and  the  obseivei  travel  ig  in  the  opposite  diiec- 
uon  will  experience  a  coiiexponding  small  decieasc  m 
dock  time.  I'he  differemr  '  the  leadings  ol  these  clocks. 
Si,  depends  upon  the  menial  rotation  rate  ii.  the  atea  I 
enclosed  by  the  path,  and  the  speed  ol  light  /. 

>>  <>  4  IS! 

Si  2  1:21  (M 

/  -'  (  ■  ( ■' 

Since  the  lasei  gyio  uses  photons,  tiavelmg  at  the  speed 
of  light,  lot  observers,  'lie  time  difference  appears  as  tin 
apparent  length  change  in  the  two  paths  of  St  Plus 
length  change  is  equal  to  the  ohseivers’  velocity  times 
then  time  difference 

A  l!' 

SI  -  LSI  (?) 

c 

I  bus.  even  though  both  obxeivcts  Havel  the  saute 


physical  path,  they  see  an  apparent  length  change,  which 
is  proportional  to  the  enclosed  area  of  the  path  and  its 
-rotation  rate  in  inertial  space.  he  relation  of  Sf.  to  A 
and  !!  (see  Ti-'ble  I)  shows  that,  in  order  to  obtain  path 
differences  large  enough  to  measure  by  conventional 
inlcrfciomctiic  techniques,  either  the  rotation  late  must 
Ik-  quite  high  oi  the  enclosed  aiea  must  be  vciy  large. 
In  191.1  Sagnac-  conducted  an  experiment  to  investigate 
this  effect  by  using  a  small  enclosed  (Kith  about  0.1  ni-\ 
lotated  at  2"  revolutions  ;pcr  second,  and  was  able  "to 
detect  length  changes  of  MX)  to  200  A.  In  1925  Michelson1 
conducted  an  ex|>eiiincnt  using  the  relation  rate  of  the 
eaith  (10  h)  and  an  enclosed  aiea  of  2  X  10*  tiff. .In 
this  expeiiment  the  detected  length  change  was  about 
1000  A.  In  both  experiments  good  agreement  was  ob- 
rtined  with  the  equation  /elating  area,  rotation  late,  and 
change  in  path  length.  In  Older  to  measure  low  rates  with 
a  small  enclosed  aiea.  however,  a  clilfeient  method  of 
measurement  was  cleat  Is  needed. 

Measuring  small  length  difference*  by  lam 

l-oi  measunng  small  length  changes  the  use  of  an  elec- 
tiical  oxy'illat; >r  wjis  pioposeJ.  in  which  the  cavity  dimen¬ 
sions  and  lengths  determined  the  oscillation  frequency,' 
In  this  matinei  a-.sitiali  length  change  is  transformed  into 
an  easily  measuied  frequency  difference  between  oscilla¬ 
tors.  The  lasei  gyio  uses  two  oscillators  at  htgh'frequen- 
ties  (3>  <  10"  Hz),  l-,xaet  frequencies  are  determined 
by  the  length  of  the  t.vo  cavities,  one  for  .clockwise 
and  the  other  lor  counterclockwise  '.raveling  radiation 

I  lie  lasei  oscillator  opei ales  at  light  fiequeneiesand.  as 
m  all  oscillatoi  s.  it  must  have  a  gam  mechanism  at  ranged 
m  such  a  way  that  the  losses  ate  equalized.  It  must  also 
operate  at  a  frequency  controlled  so  that  the  phase  shift 
for  a  tup  aiound  the  cavity  is  zero. 

The  gain  is  usually  provided  in  a  laser  gyio  with  an 
electricaljas  dischaige  in  a  mixuue  often  parts  of  helium 
to  one  part  of  neon  at  a  total  ptessute  of  I  to  10  mm  of 
meicuiy.  This  gas  dischaige  is  like  that  of  it  iiv-in  sign. 
Because  of  a  combination  of  cncigy  tiatisfei  from  the 
heltum  to  the  neon,  wall  effects,  and  decay  rates,  i  gain 
results.  In-other  words,  at  set  tain  wavelengths,  a  light  ray 
will  experience  a  gam  of  li  om  l  to  5  percent  when  it  passes 
through  the  gas  discharge.  Pi  incipally  because  of  Dopplei 
effects,  this  gain  exists  over  ,<  tange  of  frequencies  abom 
l-.i  Gil/  wide.  In  genoial.  the  losses  are  cletei mined  by 
the  lellecliuty  of  the  kisei  reflectors,  diffraction  losses 
iliatossui  as, i  function  ol  the  easily  st/e.  andtlie  ivannei 
m  which  the  light  radiation  navels  around  the  eav.ty 
Is pu „ll\.  the  losses  due  to  if  teflectors  are  less  tb.an  H.1 
pci  cent  pei  mu  ioi  ot  0  9  iierccnt  for  tin  ee  minors. 
Since  the  giim  inust  be  gi eater  than  the  loss,  tneic  is  a 
limited UMigeovei  w  >■  oscillation  may  occiu.  1‘liisiangc 

is  tspi.ally  l  JH/ 

In  addition  to  the  oscillatoi  conditions  ol  gain  and  loss, 
the  condition  of  rero  phase  shift  must  also  exist.  Another 
way  of  saying  this  is  that  the  numbei  of  wavelengths  m 
the  cavity  must  be  equal  to  an  integer,  in  the  laser  gyio. 
this  miegci  is  about  one  mi. lion.  Many  fieciuencies  will 
satisfy  these  conditions  of  /eio  phase,  hut  they  ate  sepa¬ 
rated  by  an  amount  equal  to  /  /  (the  speed  of  light 
divided  by  the  total  length  of  the  cavity).  uor  a  total 
length  of  one  meter  the  liequency  sepaialion  is  TOO  Mil/, 
rims,  for  a  cavitv  of  this  st/e.  tlietc  may  be  two  or  tlaev 
possible  frequencies  of  oscillation  that  is.  liequcnc  ies  at 
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FIGURE  3.  Laser  gyro  readout  optics. 


FIGURE  4.  Lissajous  pattern  of  two  detector  outputs. 


winch  both  the  gain  is  greater  than  the  losses  and  the 
phase  shift  around  the  cavity  is  zero.  The  laser  frequency 
is  detei mined  primarily  by  the  length  of  the  cavity.  The 
frequency  band  in  which  the  gas  medium  has  gain  deter¬ 
mines  which  of  the  many  possible  frequencies  will  "lase" 
or  Oscillate. 

In  practice,  the  exact  phase  shift  must  be  considered, 
and  this  involves  a  study  of  phase-shift  terms  due-to  the 
gain,  nonlinear  saturation  of  the  gain,  scattering,  and  the 
i  ole  of  various  isotopes  ol'  neon. 

The  length  differences. in  the  two  paths  due  to  inertial 
rotation  rates  cause  a  difference  in  the  frequency  of  these 
two  Oscillators,  whereas  physical  changes  in  length 
caused  by  temperature,  vibration,  etc.,  do  not  cause  major 
frequency  differences.  The  fundamental  boundary  condi¬ 
tion  is  that  the  laser  wavelength  ,\  roust  be  equal  to  an 
integer  fraction  of  the  optical  length  around  the  cavity. 
A'  is  an  integer  typically  in  the  range  of  10'  to  I0\  and 


A  length  change  of  SI,  will  cause  a  wavelength  change 
oi 


.i.\ 


si 

N 


(V) 


I  tie  corresponding  frequency  change  is  given  as 


able  cavity  lengths  / .  theopeuiting  frequency  should  be  as 
high  as  possible 

The  relation  between  menial  input  tales  !.'  and  ap¬ 
parent  length  change  A/  has  been  given  as 


The  relation  between  A/  and  in  teims  of  the  gyro 
size  sind  wavelength,  is  detei  mined  by  substituting  Eq. 
(10)  into  Eq,  (II),  giving 


Si  SI 
i  '  l 


(10) 


!  ■  •  "■tore,  given  small  length  differences  A/and  reason- 


Readout  of  the  later  gyro 

Frequency  difference  is  monitored  quite  simply,  as 
shown  in  Fig.  3.  A  small  amount  of  the  laser  energy  is 
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transmitted  through  the  mirror.  This  transmitted  energy 
*'  uniquely  related  to  the  frequency  and  phase  of  the 
energy  in  the  cavity.  The  two  transmitted  beams  ate 
'uperimposed  to  create  a  fringe  pattern  of  alternate  inter¬ 
ference,  and  if  the  phase  between  the  two  oscillators  re- 
mains  fixed,  the  fringe  pattern  will  also  remain  fixed. 
However,  if  the  phase  between  the  two  oscillators  changes 
(a  frequency  difference  between  the  two  oscillators),  the 
fringe  pattern  will  appear  to  move  to  the  right  or  left. 
The  direction  of  motion  is  determined  by  the  direction  of 
phase  change  (which  oscillator  is  at  the  higher  frequency), 
and  the  magnitude  is  measured  by  the  number  of  fringes. 
Kach  fringe  represents  a  phase  change  of  one  cycle,  or 
2  r  radians. 

The  output,  consists  of  two  detectors  mounted  at  the 
readout  prism  and  spaced  so  that  they  are  about  a  quarter 
of  a  fringe  spacing  apart.  With  this  spacing,  their  outputs 
are  phased  so  that  the  direction,  as  well  as  magnitude,  of 
the  fringe  motion  can  be  monitored.  By  forming  a  Lissa- 
jous  pattern' the  two  detector  outputs  (Fig.  4),  the 
phase  shirt  of' 90’  is  evident.  When  the  gyro  is  rotated1 
clockwise,  the  fringe  pattern  moves  in  one  direction, 
causing  the  oscilloscope  pattern  to  travel  around  a  circle 


II.  Output  fraqtimtcy  and  fringes  par  arc  sacund 
as  related  to  various  parameters  (,\  «  i  „n,) 


Area, 

fringes/ 

u 

Jit, 

11. 

Arc 

m* 

deg/h 

seconds 

angstroms 

•If,  Ht 

Second 

1 

10 

22  X  10 -» 

66.7X10-* 

SO 

$.0 

10"s 

10 

22  X  10-** 

66.7  X  10*‘ 

5 

0.5 

10  > 

0.10 

22  X  10  *> 

66.7  x  10-‘ 

0.05 

0.5 

in  a  fixed  direction,  one  revolution  for  each  fringe  shift. 

When  the  gyro  input  is  reversed,  the  friiqpe  motion  will 
reverse,  as  will  the  dot  observed  on  the  oscilloscope. 
ITtese  detector  signals  are  simply  processed  to  count  the 
number  of  complete  fringe  motions,  one  direction  as 
positive  and  the  other  as  negative.  (An  oscilloscope  is  used 
only  for  monitoring  and  testing  purposes,  and  is  not 
needed  for  actual  operational  readout.) 

The  signal  from  each  detector  is  amplified  and  used  to 
trigger  digital  counters  that  monitor  plus  and  minus 
counts.  Each  count  represents,  a  phase  change  of  2r 
tadians,  or  one  cycle  (resolution  of  one  quarter  of  this 
value  can  be  easily  achieved),  between  the  two  oscillations 
in  the  laser  gyro  cavity.  The  sue  of  each  count  is  de¬ 
pendent  upon  the  gyro  relation  between  input  rate  and 
output  frequency  difference.  An  input  rate  of  I  ’/h  (1/15 
of  the  earth’s  turning  rate)  will  typically  produce  a  fre¬ 
quency  difference  of  I  Hz.  One  degree  per  hour  is  exactly 
one  at  e  second  per  second  of  time;  therefore,  each  second 
an  inertial  angle  of  one  arc  second  has  been  generated, 
producing  an  output  phase  change  of  one  cycle,  or  2ir 
radians:’ Each  count  has  a  weight  of  one  arc  secondhand 
turning  the  gyro  through  an  anjtle  of  360°,  or  one  revolu¬ 
tion,  would  produce  an  output  of  I  2%  000  pulses.  For 
rotations  in  one  direction,  these  pulses  are  identified  as 
positive,  and  in  the  opposite  direction  they  are  identified 
as  negative.  (The1  logic  is  identical  to  that  used  in  digital 
incremental-angle  encoders.) 

Table  II  clearly  shows  the  role  of  the  laser  oscillator 
in  converting  small  length  differences  of  approximately 
l«-‘ A  into  measurable  quantities  or  frequency  and  phase. 

An  integnttng-rat*  gyra 

The  fad  that  the  output  frequency  difference  is  propor- 
tional  to  the  input  rate,  as  shown  in  Fig.  5,  often  leads  to 
the  impression  that  the  laser  gyro  is  a  rate  gyro.  However. 
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(In  output  is  the  phase  difference  observed  by  the  position 
ot  the  interference  pattern  created  by  superimposing  the 
energy  from  the  two  oscillators  in  the  readout.  The  total 
phase  shift  change  between  the  two  oscillators  over  a 
given  time  interval  is  the  integral  of  their  frequency 
difference  expressed  as  the  instantaneous  rate  of  phase 
change: 


By  integrating  over  a  time  inteival.  the  total  phase 
change  is  found  as 


^ = id  r<ui 
\lJ» 


The  inherent  resolution  (I  to  1  4  of  a  fringe)  of  about 
one  arc  second  or  less  is  sufficient  to  satisfy  almost  all 
conceivable  applications.  Of  course,  the  resolution  size 
and  the  smallest  rate  that  can  be  sensed  are  not  directly 
related,  except  when  a  minimum  time  to  make  that 


FIGURE'  Early  (eser  gyro  model. 


FIGURE  7.  Smgle  axi*  laser  gyro. 


FIGURE  I.  Construction  detail  of  solid-block  laser  gyro. 
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nCHIMlThree  •axis  laser  gyro  in  solid  quartz: 


mciixui cmvnt  in  made.  In  general,  the  equation  i'  written  ■ 


H  !'■ 

I  n<// 
\L  J 1 


which  describes  the  fact  that  the  input  in  only  that  01111- 
ponent  of  rate  which  in  about  the  input  umn  of  the  gyio 
The  inNtrument  In  iIiun  a  Ningle-a\iN  r.ite-integiating  gyio 
Ineittal  rotationN  of  the  gyio  ahoul  tin  axis  orthogonal  it< 
the  input  axis  will  not  ereate  an  appaient  path  diitei erne, 
and  thus  will  not  produce  any  output  fringe  imvon. 

Construction  •(  the  laser  gyro 

The  actual  eonsttuetion  of  the  lasei  gyio  \aiiCN  liom 
laboratory  to  laboratory.  application  to  application,  and' 
with  time  as  !cchnolog>  advances.  ( higui cn  6  to  S  illustrate 
carious  laser  gyro  contiguialions.)  Howecet.  eeilam  ele¬ 
ments  must  he  observed  in  tdl  eases: 

Sealing.  The  laser  cavity  must  be  sealed,  or  shielded, 
from  dust  and  other  sources  of  scattering  and  from  loss, 
which  can  affect  performance  in  dramatic  ways 

One  transverse  mode.  The  laser  ca\n>  must  V  de¬ 
signed,  constructed,  and  aligned  to  support  only  one 
transverse  mode  of  oscillation:  the  beam  must  have 
only  one  intensity  maximum  in  us  eneigv  cions  seeiion. 
The  reason  for  this  is  that  the  oscillations  tiaveiing  in  one 
direction  may  pick  a  mode  distribution  that  is  dilleient 
from  the  mode  distribution  of  those  traveling  m  the  otliei 
direction.  The  choice  of  mode  disiiihution  for  eiilici 
direction  is  random;  it  changes  with  vibration  .iih-'  small 
cavity  perturbations  if  more  than  one  tiansveise  mode  is 
permitted  to  exist.  This  switching,  as  well  as  the  lad  that 
these  modes  have  different  phase  shifts  and  hence  dilleiuit 
frequencies.  contributes  to  large  noise  fluctuations 


Made  position.  I'he  mode  position  relative  to  the 
basic  laser  gain  distribution  must  be  controlled  to  achieve 
maximum  accuracy.  The  system  must  lie  simple, 
rugged,  tree  of  adjustments,  and  low  in  cost.  The  use 
ol  a  solid  block  of  quartz  to  define  the  laser  cavity  has 
pioved  quite  successful.  The  anodes  and  cathode  are 
attached  to  the  housing,  as  me  the  corner  mirrors  de¬ 
fining  the  cavity  dimensions.  I  he  entire  gyro  is  filled  with 
helium  and  neon  and  sealed.  The  gyro  needs  no  align¬ 
ment.  and  is  both  rugged  and  low  in  cost  (Figs.  7  to  9). 

I  he  solutions  to  pioblems  located  to  date  do  not  de¬ 
li  act  liom  the  basic  simplicity  or  add  substantially  to  the 
cost  of  the  gyro.  It  is  appaient  that  this  instrument  will  he 
used  m  many  future  applicalionsvbecause  of  its  many 
advantages  ovoi  moic  conventional  gyroscopes 

An  accelerometer? 

I  he  question  aiises  .is  10  the  use  ol  ibis  instiumcnt  as 
ail  accolemmeiei  I  he  fundamental  sensed  property  is  a 
path  dilleieine  arising  liom  a  lotaiion  of  a  dosed  path 
in  menial  space,  theieloie.  lineai  aeceleiation  and  even 
laige  angulai  ace  delations  have  negligible  elieets  on  the 
lasei  peiloi malice  Acceleialion  elieets  would  anse  onlv 
tluough.i  phvsical  bending  of  the  gv  10  housing  that  could 
bieak  tiie  assembly  l-iguie  5  shows  the  lack  of  acceleia- 
tion  elieets  ns  iwo  iiiiis  aiv  compaiul,  one  with  no  load 
mg.  and  the  othei  on  a  centrifuge  w  ith  lineal  a, c delations 
up  to  27  e 

Error  sources 

I  he  lasei  gyio  is  not  pci  led.  and  it  has  sevei.il  l.ictois 
that  must  he  consuleied  if  it  is  to  achieve  the  high  pei 
formance  necessary  I'm  many  a|  plications  li  opeiales  he 
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sensing  the  i  dative  frequency  differences  between  mu 
..hi  tvcupyiitg  flic  sum-  ph> sk  a  I  cavity  and  liaveling  in 
opposite  diicctions.  1 Iteiclmc.  any  factor  lhai  can  cause 
i lunges  111  iliu  uppaietit  lergth  difference  cf-iUe  two  cavi- 
liis.  nilici  than  inertial  input  rate,  will  introduce  errors 
jito  tlic  l.i se i  giro  output.  The  startling  fact  is  that  such 
nuns  ciuuv.ili-m  to  length  changes  of  li"s  than  10  *  A 
c.m  he  identified  in  magnitude  and  source.  The  following 
discussion  buelly  teviews  some  of  these  error  terms  and 
the  methods  In  which  the>  are  leducvd  or  eliminated. 

the  picdoiiiinani  effect  in  the  laser  giro  is  the  shill  in 
frequency  due  to  input  tales,  with  the  error  terms  being 
pci  tin  ballons  in  the; basic  sensed  parameters.  Accuracies 
oi  better  than  one  part  per  million,  and  rate  sensitivities 
•)l  far  less  than  one  degiee  per  hour,  are  ini|>ortant  to  the 
ilcsciiption  of  the  laser  giro.  Thus,  strict  attention  must 
he  paid  to  basic  laser  fundamentals.  It  is  a  mark  of  the 
i.ipid  advance  and  undei standing  of  the  laser  that  equa- 
lions  and  dcscnplioiis  of  this  oscillator  can  be  made  to 
accuiacies.of  far  belter  than  0.1  Hz.  even  (hough  the 
oscillator  frequenc>  is  3  X  10'*  Hz. 


equation  relating  (lie  apparent  or  nhseived  line  width 
Ac-  in  a  oscillation  of  maximum  line  wullh  A.-._  .  m  a 
time  /  and  with  an  oscillation  power  of/** 


With  conservative  estimates  lot  A.,  .  ol  I  Hz  and  a  /’ 
of  10  'watt,  a  measurement  time  of  I  second  will  measuie 
frequence  fluctuations  of  only  4  X  10  :  H/. 

In  practice,  the  woiking  limit  of  the  frequency  lluclu.i- 
titnis  is  delei  mined  by  the  minimum  phase  that  tail  be 
mcasuicd.  I  his  phase  is  usually  sensed  bv  the  voltage  on 
a  detector  or  detectors  that  are  measuring  the  lelattve 
phase  Ive tween  two  Oscillators  (as  injhe  laser  gym  easel. 
If  a  signal-to-noisc  rtiiio  of  It)1  is  obtained  in  the  detected 
signal,  the  minimum  delectable  phase  shift  is  in  radian. 
In  one  second,  the  uppaicnt  frequent)  fluctuation  caused 
In  dctccior  noise  is  approximate!)  10  Hz: 

Ar . .  -  H/  (I'fl 


Ultimate  limit*  at  performance 

Heldie  vve  exploit:  the  piactical  problems,  it  is:impm- 
laiil  to  examiiie  the  lundainemarimi.t  for  tlie.gy  ro.  in 
oidvi  to  establish  how- dose  to  this  hunt  we  at.c  today, 
.mil  to  dcicutunc  whethei  basic  factors  exist  that' max 
lesliici  its  ultimate  potential. 

The  mheien'  .liequeiu'v  limit  of  a  Inset  is  detei  mined  bv 
sponitiiieous  emission  horn  the  lasei  gain  medium,  just 
.is  tlicunal  noise  detei  mines  the  inheient  limn  in  a  um- 
venuoiiiil  electi  ictil  osv  illator.  law'll  spontaneous-emission 
photon  litis  a  magnitude  of  In .  vv lie: o  li  is  I’lanck’s  um- 
slant  and  ■  the  fiequenc)  of  the  ladiation.  At  a  wave¬ 
length  ol  I  Min. etic'h  photon  hnsunencig)  of  1.2 election- 
volts  [hi  1.2  eV),  When  this  emission  of  In  omits  (u 
must  be  in  the  piopcr  dncclion  in  Older  to  inteiact  with 
Ihe  laser  mode  enetgy).  it  may  bear  any  phase  lelaliou 
with  the  oscilltiioi  eneigv.  and  thus  may  cause  both  mag- 
mludc  and  phase  lluctuutiims  in  the  lasei  output  I’lie 
output  powei  can  be  lepiesented  by  tt  vector  whose  powei 
magnitude  is  Nln-  pet  second,  wlieie  A'  is  the  number  of 
pliotons  in  the  lasei  mode,  a  number  equal  lo  HI1'  ot 
gi  eater.  I  he  spontaneous-emission  photon  can  add  a 
phase  to  this  oiiginul  oscillator  of  a  magnitude  of  I  N. 
flits  phase  shift.  A<2>.  is  quite  small,  but  incut  s  in  a  landom 
mantlet.  1  his  variation  gives  rise  to  afrequi-niy  sptead  in 
the  laser  output  equal  to 


A/ 


Njr/iKAi'i.)- 


(lb) 


Kot  typical  conditions.  Ibis  frequency  spietid  A/„  is  I  to 
10  '  I <7.  and  ittisc's  fiom  phase  fluctuations  its  small  jin 
lo  *'  liiditin  that  omit  tit  tales  up  to  Id1'  per  .second. 
I  lie  spontaneous-emission  photons  occur  about  eveiv 
10  1  second,  etteli  one  causing  a  phase  lluctutitiou  of 
about  lo  ladian  m  iheoscillatoi  eneigv.  I  lie  ficqucncv 
spi ead would hc.ihoutO  I  II/; 


M  I  10  ■' 
At  ’  2jt  10 


0.1  H/ 


(17) 


Howcvci.  sum  this  is  a  lamlom  piocess,  the  actual 
a  i.i'Uicd  hcqueiK)  lluctuat toils  will  dectease  with  the 
'Uu.ik  mot  ol  the  time  ol  meusiiiemeiH.  Townes  gives  a 
Ion  illustiatioi  of  this  point.’  and  gives  the  following 


I  his  number  is  gieatei  than  the  actual. lasei  frequency 
lluctuation  for  this  measurement  tune,  Ini  thew'.pattwulai 
paraineteis.  the  enor  caused  by  the  phase  fluctuation  ol 
the  oscillator  would  not  exceed  the  minimum  detectable 
value  until  the  time  of  nteasuieineul  exceeded  in  minute's 
Ihe  exact  ligutes  will  vaiy  fiom  one  lasei  vonliguiation 
to  anothei ;  but.  lor  tunes  up  lo  seveial  bundled  seconds, 
the  b'Dil.imcntal  limit  of  i.ite  uteasineiuent  is  always 
detei  mined  by  lheph;iseiC'iiluUnn.  I  heiiieastiiecl  lluctti.i- 
lion  for  nines  ol  only  a  lew  milliseconds  would  turn  out 
n>  be  about  in-  •  II.;.  if  it  could  be  mi'.isuted.  Siikc  a 
lough  lulc  of  thumb  is  that  I  11/  is  equivalent  lo  an  input 
i ate  of  I  degiee  pci  hour,  the  inheient  capability  of  this 
gym  far  exceeds  III  dcgiccpci  ho'ut  Inltwi.loi  peiiods 
-ol  one  bout,  the  fundamental  acctii.iuc'  exceed  In  to 
It)  '  degree  per  bout.  Cleat  lx.  d  'licit  fundamental  ,w 
viuaviesc.nl  he  achieved,  this  gyiovXuuld  Is.-  I.u  stip.-noi 
toany  gym  in  0|H'i..tion  today  -\n  angle  ol  b>  '  degiee 
is  the  tingle  subtended  by  I  He  ill  at  a  distance  equal  to  tli.il 
liom  the  eat  III  to  the  moon,  oi  3<x'(i(MHI  km. 

Another,  and  pci  haps  mine  iiicMiunglul.  expiession  ol 
this  fundtinieiual  limn  is  the  total  phase  oitot  between 
the  two  lasei  oscillatois,  Ihe  gym  output,  .the  phase 
dilleiencc  between  the  two  oscilltitois,  and  thcicloic  do- 
suipiums  of  this  phase  cum  can  be  diiectly  t elated  lo 
mcasiiicd  inH|uits  I  Ins  cum  will  glow  with  the  squ.uc 
<oot  of  tunc  as  in  any  landouupioccss.  and  will  have  a 
minimum  value  (as  given  in  the  pi  ev  unis  example)  ol  ID  ' 
•adian  when  tile  tune  is  less  than  about  111  "  second. 

l  or  times  less  thin  seveial  days  the  inavviiittcy  in  the 
lasei  gym  output. phase  is  less  tliiin  in  ladian.  m  about 
111  'an  second.  ( A  phase  eum  ol  one  .omit.  2i r  i.tdi.itis, 
isequal  loan  ineituil  enoi  angle  ol  only  one  .tic  second.) 

In  suinmaty.  the  gyio  output,  which  is  the  phase  angle 
between  the  two o-cillalms.  isallecle.l  bv  the  fiindanieiu.il 
noise  piocess  ol  spontaneous  emission  bv  amounts  so 
small  that  then  iieioclion  is  x  ■■  tu.illx  impossible  A  lasei 
gym  systemopeiatiiig.il  this  fundamental  limit  would  Iv 
able  to  measuie  mei  tcil  angle  -  lot  tunes  up  to  seveial  days, 
with  euois  not  exieeihng  111  1  to  III  ■  ,iu  second  In 
pailtcular  litsei  gym  applications  these  nunilvis  mav 
vaty;  blit  in  till  uses  the  lasei  gym.  as  limited  by  tins 
fundamental  piocess.  would  he  oi  (lets  of  magnitude  mote 
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.wvtHaic  than  any  exiting  gyro.  II  i\  doubtful  that  Ihex: 
bouts  will  he  tcachcd  in  Ihe  foreseeable  future. 

After  examining  the  ntost  basic  limit  to  the  gyro  per¬ 
formance  (spontaneous-emission  noise)  and  establishing 
th.it  this  term  does  not  in  any  way  limit  the  laser  per¬ 
formance.  those  factors  actual!:1  encountered  must  be 
considered  as  practical  limits.  These  factors  include 
ioc'.-in.  null  shifts  due  to  direct  current,  null  shifts  due 
to  differential  loss  mechanisms.  and  Ihe  bias  techniques 
inert  to  oxercome  lock-in  phenomena. 

Inch  In 

I  he  'first  of  these  factors  that  alfect  the  frequency 
diileicncc  between  the  two  oscillators  is  a  phenomenon 
called  "lock-in."  which  aiises  from  coupling  between  the 
two  laser  oscillators.  Lock-in  in  a  laser  gyro  was  initially 
observed  in  early  I96.V  and  has  hcenobserved  for  many 
decades  in  conventional  electrical  oscillators. 

\\  hen  ( Ik-  output  of  the  laser  gy  ro  is  observed  as  a  func- 
non  of  the  rotation  rale  it  can  be  seen  that  Ihe  difference 
frequency  is  ptoporlional  to  Ihe  input  at  high  rates.  How- 
cvei.as  the  input  late  is  reduced,  the  frequency  difference 
between  the  two  oscillators  will  tall  to  mo  before  the 
input  late  goes  to  zero,  which  is  apparent  Irom  the  fact 
that  the  output  fringe  pattern  does  not  nunc.  The  input 
latent  which  this  lock-in.  zero-difference  frequency,  oc- 
i ui s  is  called  the  lock-in  rate. 


The  lock-in  rate  is  found  to  depend  upon  the  wave¬ 
length.  the  coupling  Gator  r.  and  the  enclosed  area  /I. 

I  hus  in  order  to  reduce  the  lock-in  rate  these  rules  apply: 

1.  The  smaller  the  wavelength,  the  better. 

2.  The  bigger  the  gyro  unit,  the  better. 

3.  The  smaller  the  coupling  factor  r,  the  better. 

In  practice,  the  choice  of  wavelength  is  restricted  to 
values  at  which  laser  oscillation  can  occur  and  by  the 
Tact  that  r  is  not  completely  independent  of  wavelength. 
-The  limiting  values  of  rare  determined  hy  Rayleigh  scat¬ 
tering.-  which  increases  rapidly  as  the  wavelength  de¬ 
creases.  thus  prohibiting  the  application  of  rule  I  indef¬ 
initely. 

Rule  2  also  presents  problems,  since  for  practical  con¬ 
siderations  of  size,  weight,  and  power,  the  gyro  should 
he  as  small  as  possible.  Also,  very  large  gyros  create  other 
laser  locking  effects  that  complicate  operation. 

Rule  3  has  practical  limits  that  are  defined  by  the 
quality  of  the  laser  cavity.  Scattering  from  windows, 
mirrors,  and  other  elements  within  the  cavity  must  be 
reduced  to  ah  absolute  minimum.  In  practice,  coupling 
factors  of  less  than  10  '■  have  been  achieved  by  very  care¬ 
ful  design  and  assembly.  By  examination  of  all  the  factors 
contributing  to  coupling, /eduction  in. its  value  by  many 
orders  of  magnitude  does  not  look  promising.  Coupling 
at  ising  front  the  scattering  of  the  gas  molecules  in  the  laser 
giiin  medium  u  ill  limit  the  value  of  r  so  that  lock-in  rales 
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v'!  k'vs.than  .1  degree  I'd  hour  may  he  very  difficult  to 
teach  ( I  he  word  impossible  would  he  used  if  it  weren't 
'u«.h  a  dangcious  technical  term.) 

In  |w.«t  »uc.  tlte  magnitude  of  the  lock-m  rate  is  typically 
UM  Hz.  01  100  h  for  a  ring  of  about  0.1  m-  enclosed 
aie.t  and  a  wavelength  of A32K  A  (red  light). 

It  'Mould  be  emphasized  that  it  is  the  scattering  (cou¬ 
pling)  Owl  leads  to  lock-iri.  and  not  the, loss  or  absorption 
"t  eneigv.  ( I  lie  I  act- 1  hat  the  gain  or  Joss  in  a  laser  cavilv 
"  u’t  uinloini  gelignites  lock-in  terms  that  are  low  in 
magnitude,  and  aie  usually  hidden  by  other  factors.) 

Null  shifts  dw  t#  direct  currant 

A  second  source  of  eirors  is  the  null  shift,  equivalent 
to  a  lived  bias  toique  in  a  conventional  gyro,  which  arises 
liom  the  diicci  cut  rent  used  to  excite  the  lasei  gyro.  Null 
'lulls  ic.suliing  from  this  parameter  must  both  be  con- 
sideied  and  i  educed.  When  a  gas  diseliarge  is  sustained 
with  a  direct  cuncnt  the  gas  llow.s  in  the  discharge  cavilv. 

I  lie  How  is  established  by  the  combination  of  several 
cited',  including  wall  collisions,  charge  distribution  on 
the  wall,  and  the  electric  field  aiong  the  discharge.  The 
(osult  is  a  How  of  gas  toward  the  cathode  in  the  center  of 
•he  dischatge,  and  a  How  back  toward  the  anode  in  a 
icgion  close  to  the  laser  cavity  walls  (Fig.  1(1).  The  laser 
cr.eigy  is  cOiicciiliated  in  the  center  portion  of  the  cavity, 
and  ihcielbic  passes  thiough  gas  that  iv flowing  toward 
tile  cathode,  flic  How  puxfuccs  a  shift  in  thejndex  of 
leliactioiv  that  depends  upon  the  relative  directions  of 
’he  laser  eneigy  and  the  gas 'llow.  Therefore,  the  envit.. 
will  appeal  longei  in  one  direction  than  the  other,  and 
will  cause  an  appaicm  null  shift  in  the  input  rate  sensed 
b>  the  gyto.  As  e.ln  be  seen  liom  the  diagram.  Fig.  7,  this 
-heel  is  icducod  by  consti uctmg  tile  gyio  in  a  balanced 
lonliguiution.  with  a  single  cathode  and  two  anodes. 

I  his  tends  to  cancel  tile  current  effects,  as  energy  tiaveling 
around  the  cavity  passes  thiough  gas  tiaveling  both  with 
and  against  the  laser  eneigy.  By  balancing  the  two  anode 
lunonis.  die  null  shifts  due  to  this  effect  can  he  greatly 
i educed,  II  only  one  anode  is  used,  appaicm  input  talcs 


FIGURE  11.  Biasing  through  rotation,  using  Faraday  cell. 


of  several  hundred  degrees  per  hour  are  introduced.  This 
cffin.1  can  be  used  to  an  advantage,  since  by  unNIanctng 
the  currents  a  null  shift  can  be  introduced  into  the  gyro 
either  to  cancel  other  null  shift  terms  or  to  introduce 
known  input  rates  purposely. 

HI*  rata. 

Another  potential  probfem  is  high  input  rales;  but  this 
turns  out  to  an  advantage  for  the  laser  gyro,  as  it  can 
seme  high  rates  very  accurately.  The  gyro's  ability  to 
sense  high  rates  is  determined  by  the  inherent  frequency 
capability  of  the  laser  and  the  detector-  amplifier.  The 
laser  gain  medium  has  it  width  of  approximately  I 
GHz.  Since  the  frequencies  in  the  laser  change  as  the 
input  rate  changes,  both  frequencies  must  lie  within 
the  permitted  gain  region  of  the  laser.  Since  an  input 
rate  of  one  degree  per  hour  typically  produces  an 
output  frequency  difference  of  I  Hz,  an  input  rate  of  up 
to  10'  degrees  per  hour  could  be  sensed  by  this  device.  In 
practice,  when  the  frequency  difference  becomes  a  large 
fraction  of  the  gain  distribution  width,  deviations  in 
linearity  are  to  he  expected.  For  rates  up  to  10;  degrees 
per  hour,  however,  the  laser  gyro  performance  should  be 
v  irtually  ideal.  Current  test  results  support  this  statement, 
w  ith  performances  at  rates  over  1 0*  degrees  per  hour  hav¬ 
ing  been  demonstrated.  Figure  5  shows  the  excellent 
linearity  for  input  rates  up  to  4  million  degrees  per  hour 

The  predicted  problem  is  the  detector  -amplifier  combi¬ 
nation  since,  at  ID'  degrees  per  hour,  bandwidths  of  lilt) 
MHz  arc  required  in  the  amplifying  circuits.  Such  band- 
widths  ate  achieved,  but  not  without  some  very  careful 
design  and  assembly.  Here  the  high  resolution  works  to 
our  disadvantage. 

■lasing  sf  the  tawr  gyro 

Lock-in  phenomena  prevent  the  lasei  gyro  from  accu- 
lately  measuring  low  inpul  rales  unless  some  means  is 
provided  to  overcome  this  eirect.  Lock-in  rates  vary  for 
gyros  or  dilfeient  size,  quality  of  the  surfaces  in  the  lasei 
cavity,  raid  wavelength  of  the  laser  oscillations;  but  for 
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|x,u  tx.d  \i/cs.uxl  ollx-i  f;i(tor\  lock-m  rales  of  lew*  than  a 
lew  hundred  to  tens  of  defaces  per  hour,  at  the  he.st.  are 
i<h«n«l.  I  he>e  hvk-in  ialcs  agicv  with  I  herns .  and  can- 
not  tv  e\(Vsierl  to  drop  rapidly  in  the  future. 

Ciearh.  in  order  to  measure  rales  of  less  than  a  degree 
ivr  hour,  some  nvans  of  avoiding  this  effect  must  tv 
employed.  One  technique*  is  to  introduce-  another  known, 
or  effective,  inixit  late  to  the  gyio.  Such  biasing  moves  ihe 
operating  poim  of  the  lasci  gyio  away  from  very  low  rates, 
where  Itxk-in  ivcurs.  to  much  higltci  rates,  wlvre  the 
operation  rtf  the  lasei  gym  approaches  the  ideal.  The  total 
inpm  iate  to  the  gvio  is  the  sunt- of  Ihe  true  input  rate 
plus  ilie  bias  iate  Ihe  actual  input  can  be  nvasured  by 
nx-ielv  .subtracting  tlx*  known  bias  lioni  tlx*  gyro  output. 

In  gc.'icral.  biasing  is  accomplished  In  either  of  two 
ways.  One  nx-tlxxl  involves  physically  rotating  the  gvro. 
thus  pnxlucing  an  input  iate.  and  then  subtracting  the 
angle  of  lOtatiim.  A  second  nx-tliod  is  to  intrrxluce  into 
Ihe  lasei  cavity  an  optical  elcnx-nt  having  a  inch.*,*:-,  of  re- 
liaction  rlcivndent  upon  tlx-  direction  in  which  tlx*  radia¬ 


FIGUFE  13.  l-vsei  gyroai.ematingnias  technique 
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tion  is  passing  thuxigh  the  element.  The  magnitude  ami 
direction  of  this  index  diffeicncc  arc  usually  controlled  In 
a  magnetic  Held  in  a  Faraday  cell:  see  Fig.  1 1  .  Since  the 
path  around  the  laser  gyro  cavity  is  larger  in  one  direction 
than  the  other,  the  laser  gyro  is  biased  away  from  the 
lock-in  region. 

Hither  of  these  general  techniques  can  he  employed  in 
two  ways:  by  holding  the  bias  fixed,  measuring  the  input 
rate  or  angle  (F'ig.  12)  and  observing  differences  in  the 
laser  output  due  to  input  rate;  or  by  introducing  a  nega- 
tive-to-posilive  alternating  bias  (Fig.  13). 

One  method  of  producing  a  fixed  bias  is  to  loiale  tlx* 
entue  gyro,  producing  an  input  rate  and  angle,  and  thus 
biasing  the  gyro  away  from  the  lock-in  region.  The  gyro 
output  is  proportional  to  this  bias,  plus  any  input  rates  to 
the  entire  gyro.  Therefore,  by  subtracting  the  bias  angle 
v  s.  time  Irom  the  gyro  output,  only  the  desired  input  angle 
is  left.  I'his  technique  also  can  beemployed  using  elements 
in  tlx*, easily  to  produce  a  fixed  bias,  and  subtracting  that 
bias  in  the  output  in  order  to  measure  the  actual  input 
i  ate.  and  tingle. 

Fixed-bias  techniques  lequire  strict  stability,  and  are 
subject  to  eriors  a  rising  from  drifts  or  changes  in  the 
bias  magnitude  or  the  inherent  gyro  linearity.  F'or  exam¬ 
ple.  tin  mtei  ntil  bias  of  I0r  degrees  per  hour  must  be 
-stable  to  one  pail  in  It!',  to  mcasuie  input  rates  of  It)'  -‘ 
degice  per  hour. 

In  ait  effort  to  icduce  this  absolute  icquircnx-nt  Ibi 
stability,  the  bias  may  be  oscillated  from  positive  to  nega¬ 
tive  states.  Since  the  gyro  is  an  integrating-rate  gyro,  only 
the  net  lotation  angle  appears  in  the  output.  Theiefoie. 
the  lasei  is  biased  out  of  the  lock-in  legion  most  of  the 
time,  and  the  gyro  operation  integiates  the  input  rale. 

I  Ins  dm  illation  reduces  the  requirement  for  absolute 
magnitude  stability.  Tlx*  bias-technique  can  be  employed 
using  eithei  optical  means,  such  as  vary  ing  the  magnetic 
field  of  the  internal  bias  element,  or  by  mechanical 
means,  such  as  oscillating  the  entne  gyro. 

( fix*  method  of  accomplishing  this  ac  bias  is  to  oscillate 
(dither)  tlx*  entile  gyio  at  a  ftequency  of  20  40  H/.  at 
an  amplitude  of  scveial  hundred  ait  seconds.  Dithering 
van  be  ,iciomplishe,d  by  a  numhei  of  clectiomechamcal 
methods,  causing  the  input  rate  to  the  gyio  to  vaiy  sin¬ 
usoidally  liom  a  maximum  positive  value  to  it  maximum 
negative-  value.  An  additional  input  to  the  gyio-will  add 
to  this  hi.iMutc.  inu  easing  us  value  dm  mg  one  half  of  the 
bias  cycle.  and  decreasing  its  value*  during  the  otlx'i  half 
Sirne  the  last i  uvio  is  an  mtcgiating-rak*  gyio.  tlx*  bias 
mtcgiaiv's  to  /cio.  fix*  output,  due  to  the  input  iate.  will 
appeal  as  a  net  accumulation  of  tlx*  output  cycles  Ihe 
slope  ol  this  aw  umulation  of  counts,  or  angle*,  is  the  input 
i, Ue.  I  xpoimioiUs  and  techniques  I'oi  biasing  aic*  being 
puisued  m  many  laboiatorics;  (lie  bias  technique  is  one 
of  the  most  unpoiiant  design  aspects  of  tlx*  Inset  gyio. 

Other  problems 

In  addition  to  these  pioblcms  oflovk-ni.  ciinciil  bal¬ 
ance,  etc,.  ihcicaic  several  other  factor*,  (hat  must  bee  on 
sidcied.  Ihe  role  ol  iiiullimoduig*  is  paiucularly  impoi- 
tant  in  the  opeiation  of  the  laser  gyio;  the  ioIc  of  dillei- 
ential  loss  and  gain  factors  cun  be  of  dominant  impoi- 
laiue  in  some  laser  gym  systems."  *  I  lietc*  art*  otliei  l';n - 


*  Mtiliimoliliiin  is  Ih.  pliciiniiicii  ol  mint  lli.m  oiu  lrti|Utiits 
imodt  of  osvill.iiioin  ir.ivcling  aroiinil  ihe  v.miy  in  v.icli  iliit-tiinn 
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u«\  such  .is  lincai u>.  stability,  and  alignment  each  of 
xshuh  i'  .in  interesting  discussion  in  Itself.  For  our  pur- 
|VH''  u  i\  important  to  note  that  these  additional  prob- 
Icihn  .mil  factoiN  all  appear  to  have  solutions  in  keeping 
with  the  ccik'ial  objective  of  a  simple,  low-cost  device. 

The  future 

At  picstiil.  tiic  laser  gym  is  in  ails  a  need  ic-search  and 
development.  making  promising  progress  toward  an  ac- 
s  in  ale.  loss -i list  instiiiincnl.  The  fate  of  the  lasei  g>ro  is 
ililhuilt  in  pi  edict  beyond  thiee  to  live  years  in  the  future; 
but  it  is  deal  Is  not  limited  by  fundamental  considerations 
(b.isu  Ime-ssidth  analysis  shows  that  the  gyro  hits  a  limn 
of  less  than  III  '  degree  pei  hour),  but  by  construction, 
cleanliness,  bias  techniques,  and  other  factors.  The  piog- 
i  ess  of  t  he  laser  gyro,  as  measured  by  its  ability  to  measure 
loss  tales  aicuiutels.  has  lx;en  quite  rapid.  Since  the  first 
announced  lasei  gyio.  in  eaily  l%3.:  of  I  m-  in  area  ant! 
a  (hi esliold  of  50  ilegiees  per  hour,  the  published  per- 
foi malice  litis  impioved  to  about  ti  0.1  degiee  per  houi 
ssnh  gyio  metis  more  than  an  order  of  magnitude  snuillei 
than  the  liist  gyio.  Further  improvements  are  to  K  ex¬ 
pected.  as  well  tis  additional  pioblems.that  have  not  as 
yet  Ken  identified  or  solved.  The  future  should  see  laser 
gyros  in  many  applications  requiring  low  cost,  lack  of 
niiclciation  sensitivity,  and  high  rate  capability;  such 
lequncnienis  will  make  the  laser  gyro  the  indisputable 
choice  over  other,  more  conventional,  sensors. 
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PREDICTED  EFFECTS  OF  X-RADIATION  UPON 

THE  GLOW  DISCHARGE  AND  OUTPUT  SIGNAL 
OF  A  HELIUM-NEON  LASER 

1.0  INTRODUCTION 

When  a  glow  discharge  is  exposed  to  intense  X-radiation, 
the  primary  effect  is  an  increase  in  the  conductivity  of  the  plasma  due 
to  increased  ionization  of  the  gas  and  liberation  of  electrons  from 
walls  and  electrodes.  The  X-radiation  will  generally  also  affect  the 
discharge  external  circuit  (power  supply,  etc.).  However,  this  analysis 
only  consider  the  effect  of  the  X-radiation  on  the  positive  column 
of  the  glow  discharge.  For  this  analysis  it  is  assumed  that  the  power 
supply  and  ballast  remain  constant,  no  shunting  of  the  tube  takes  place 
because  of  ionization  of  the  surrounding  air,  and  the  increased  electron 
emission  from  the  cathode  under  X-ray  exposure  is  negligible  compared 
to  the  increased  volume  ionization  in  the  glow  discharge. 

(U)  If  no  damage  occurs  to  laser  resonator  components  (e.g., 
the  multi-layer  dielectric  mirrors) ,  the  effect  of  the  X-ray  exposure 
on  the  laser  is  assumed  to  be  related  to  the  first  order  of  the  increased 
electron  density  in  the  tube.  This  can  be  treated  as  a  fictitious  in¬ 
crease  in  currents  The  performance  of  the  laser  as  a  function  of  dis¬ 
charge  current  is  well  known. 

2.0  PROPERTIES  OF  THE  GLOW  DISCHARGE 

(U)  The  positive  column  of  a  glow  discharge  is  the  region 
of  the  discharge  bounded  at  the  cathode  end  by  the  Faraday  dark  space  and 
at  the  anode  end  by  the  anode  dark  space  (Reference  1,  2,  3,  and  4) . 

The  oppositely  directed  waves  traveling  around  a  ring  laser  pass  through 
this  region.  The  positive  column  contains  ions,  electrons,  and  neutral 
gas *molecules.  In  pure  noble  gases  only  positive  ions  are  present.  The 
neutral  gas  may  exist,  either  in  the  ground  state  or  in  various  excited 
states. 

(U)  In  the  dc  discharge  tube  both  positive  ions  and  elec¬ 
trons  contribute  to  the  current  flowing  through  the  tube.  However,  the 
current  in  the  positive  column  is  almost  totally  carried  by  the  electrons 
because  of  the  small  mobility  and  drift  velocity  of  the  heavy  positive 
ions.  It  is  assumed  that  the  total  current  through  the  tube  is  equal 
to  the  electron  current  (Reference  5) . 
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The  complex  conductivity  due  to  electrons  in  the  positive  column  is  given 
by  Brown4  as 
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For  a  direct  current  u)  *  0  and 
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where  n  is  the  electron  density  in  number  per  cubic  meter,  e  is  the 
electronic  charge  in  coulombs,  m  is  the  electronic  mass  in  kgms  and 
Vg  is  the  electron  collision  frequency  in- the  gas  discharge  "ini  sec-* . 

(U)  Under  the  assumption  that  the  electrons  have  a  Maxwellian 
velocity  distribution,  the  collision  frequency  can  be  calculated  if  the 
electron  temperature  and  mean  free  path  are  known.  Young  (Reference  6) 
gives  the  electron  temperature  as  a  function  of  He.-Ne  ratio  and  pD 
(pressure  X  tube  diameter)  values.  In  his  paper  the  electron  temperature 
Te  is  a  function  only  of  the  product  pD,  the  nature  of  the  gases,  and 
their  relative  concentrations,  and  is  independent  of  the  current  through 
the  tube  or  the  plasma  density. 

(U)  Brown  (Reference  7)  gives  the  electron  collision  fre¬ 
quency  as: 
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where  the  electron  speed  v  is 


and  the  electron  mean  free  path  is 
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where  P  is  a  collision  probability.  The  electron  speed  v  is  in  cm/s, 
the  mean  free  path  in  cm,  Boltzmann's  constant  in  ergs/mode  °K,  and  the 
pressure  p  in  torr,.  In  the  He-Ne  laser  the  gas  fill  ratio  is  typically 
He  :  Ne  : :  10  :  1  so  tnat  the  gas  may  be  treated  as  pure  He  for  collision 
considerations.  Brown  (Reference  7)  gives  Pc  in  He  as  a  function  of 
electron  temperature  in  volts,  so  that  Xe  may  be  found. 

(U)  In  the  glow  discharge  tubes  shown  in  Figure  B-l,  the 
0.070  inch  (1.8  mm)  inside  dimeter  tube  has  been  built  and  a  voltage- 
current  plot  made  for  a  gas  fill  of  8  torr  He-Ne  at  a  5.7  :  1  ratio, 

(see  Figure  B-2).  With  1  milliamp  of  current  flowing  through  the  tube 
the  voltage  drop  across  the  tube  was  900V.  Since  the  discharge  was 
normal  le  voltage  drop  at  the  cathode  was  about  150V.  Neglecting  the 
drops  in  the  large  cathode  entrance  tube  and  at  the  anode  the  gradient 
in  the  positive'  column  of  the  discharge  tube  is 
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The  conductivity  is 


(B-10) 


where  A  is  the  cross-sectional  area  of  the  discharge  tube.  At  iQ  -  10 
amp  and  with  A  =  2.5  x  10"®m 
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For  this  tube  pD'  =  8  torr  x 
temperature  (Reference  6)  T 


1 . 8  mm  =  14  torr-nm  and  the  electron 


=  4.5  x  104  °K  or  5.8  eV. 


The  corresponding 
Thus  the  electron 


This  agrees 
The 


collision  probability  (Reference  7) .  Pc  =  16/torr-cm. 
mean  free  path  from  equation  (B-8)  is  Xe  =  7.8  x  10"  cm. 
well  with  the  value  calculated  from  kinetic  theory  (Reference  5). 
electron  speed  from  equation  (B-7)  is  1.3  x  108  cm/s,  so  that  the  collision 
frequency  from  equation  (B-6)  is  1.4  x  1010  sec”1.  From  the  above  infor¬ 
mation  the  electron  density  -can  be  found  from  equation  (B-5. 
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Figure  B-2.  (U)  Voltage  Current  Plot  for  a  Gas  Fill 

of  8  Torr  He-Ne  at  a  5.7:1  Ratio 
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3.0  BEHAVIOR  OF  THE  POSITIVE  COLUMN  UNDER  X-RADIATION 


(U)  When  a  beam  of  X-rays  impinges  on  the  glow  discharge 
tube  the  immediate  effect  is  the  creation  of  electron-ion  pairs.  The 
resultant  increase  in  electron  density  will  effectively  increase  the 
conductivity  of  the  tube  and  result  in  an  increased  current  flow  (eqn?- 
tion  B-5) .  Since  the  photon-atom  interaction  time  is  exceedingly  small 
the  increase  in  electron  density  will  in  all  probability  follow  the 
increase  in  X-ray  intensity.  However,  the  increase  in  current  through 
the  tube  will  be  limited  by  the  external  circuit  parameters. 

(U)  The  additional  electrons  should  reach  thermal  equili¬ 
brium  in  a  time  two  or  three  orders  of  magnitude  longer  than  the  colli¬ 
sion  time  T  %  1/v  lO-10  second.  (The  energy  lost  by  an  elastic  colli¬ 

sion  of  an  e£ectronSof  mass  m  with  an  atom  of  mass  M  is  on  the  average 
2  m/M,  although  the  fraction  lost  in  an  inelastic  collision  may  be 
appreciably  higher.  The  time  also  depends  on  the  initial  electron  energy 
obtained  from  the  X-ray  field.)  Since  the  population  inversion  neces¬ 
sary  to  generate  the  lasing  action  is  created  by  electron-atom  collisions, 
the  laser  is  expected  to  react  to  the  increase  in  electron-density  in  a 
time  on  the  order  of  103  Tc.  The  actual  laser  behavior  can  then  be 
described  in  terms  of  a  fictitious  current  ic  which  is  just 


where  is  the  electron  density  function  in  the  presence  of  X-radiation 
and  n  is  the  normal  electron  density  present  in  the  tube  when  the  unper¬ 
turbed  current  if  flows  through  it.  Note  that  if  is  not  the  increased 
current  flow  through  the  tube  due  to  the  increased  conductivity.  The 
current  flow  through  the  tube  will  lag  the  increase  in  electron  density 
with  a  time  constant  associated  with  the  complete  electrical  circuit, 
including  power  supply.  In  addition,  the  magnitudes  will  be  different. 


(U)  When  the  X-radiation  is  removed  from  glow  discharge 
tube  the  decay  in  nx  to  n  is  governed  by  the  electron  recombination  time. 
Electrons  are  removed  from  the  gas  by  volume  recombination  with  positive 
ions  or  by  diffusion  to  the  walls  where  recombination  occurs.  Under 
conditions  prevailing  in  He-Ne  discharges  the  diffusion  process  to  the 
walls  is  called  ambipolar  diffusion  and  is  the  governing  electron  loss 
mechanism  (Reference  2) .  A  value  for  the  volume  recombination  coefficient 
ae  in  He  and  in  Ne  is  given  by  Brown  (Reference  7)  where. 
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n 


a  t 
e 


(B-14) 
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If  “e  is  on  the  order  of  10  °  cnr/s,  in  a  plasma  with  n  on  the  order  of 
lO-fVcm-3  nd  defining  a  volume  recombination  time  Tv  as  the  time  it  takes 
for  n  to  aecrease  to  nQ/e,  then,  from  equation  (B-14),  tv  icf3  second. 
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(U)  The  ambipolar  diffusion  speed  is  given  by  von  Engel 
(Reference  1)  as: 


V  = 
a 


a  n 


dn 
dr  * 


(B-15) 


This  can  be  used  to  make  an  order  of  magnitude  estimate  of  the  ambipolar 
diffusion  time  constant  for  loss  of  electrons,  Ta.,  The  Shottky  theory 
of  the  positive  column  gives  a  radial  electron  distribution  described  by 
a  Bessel  function  of  zero  order: 


n  =  n  J  (2.4  r/a) 
r  o  o 


(B-16) 


where  nr  -  0  at  the  wall  of  the  discharge  tube,  r  =  a.  Thus  dn/dr  Oj  n/a 
where  nQ  ^  n  is  assumed.  Thus 

D 

v  ^  “  “ •  (B-17 ) 

where  a  is  the  radius  of  the  discharge  tube  positive  column.  Now  because 
of  ambipolar  diffusion 


and 


dn 

dt 


%  -2n 
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(B-18) 


(B-U) 


(U)  According  to  von  Engel,  in  He 

2 

cm 

DaP  %  550  — torr.  (B-20) 

Thus,  at  8  torr  %  69  cm2/s  and  T  ^  10-5  second  in  the  0.09  cm 

radius  tube. 


(U)  When  the  X-radiation  is  removed  the  electron  density 
will  decay  with  a  time  constant  of  T_  10-^  second  and  the  laser  should 
return  to  normal  with  this  time  constant. 

(n)  The  change  in  the  actual  current  flow  through  the  tube 
can  be  found  from  the  circuit  shown  in  Figure  B-2  and  equation  (B-5) . 

In  the  self-start  (overvoltage  start)  configuration,  a  power  supply  with 
a  sufficiently  high  voltage  to  assure  gas  breakdown  is  used  and  the 
ballast  then  chosen  to  limit  the  current  to  the  desired  value.  Assume 
that  Vs  =  2900V  is  required  to  start  the  discharge  tube  and  at  the  desired 
current  of  1  mA  the  voltage  drop  across  the  tube  is  900V.  The  ballast 
resistance  from 
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V  -  i  R_  =  V_  ... 

s  o  B  T  (B~21) 

is  Rjj  =  2  x  10^  ohm. 

(U)  When  an  ionizing  pulse  of  X-radiation  falls  on  the  dis¬ 
charge  tube  the  electron  density  increases .  The  ionization  constant  at 
8  torr  is  about  4xl06  ion  pairs/cm3  rad  (Reference  8).  Since  the  maximum 
X-ray  dosage  the  tube  is  expected  to  see  is  2xlCr  rads,  the  concentration 
of  electrons  in  the  tube  immediately  after  exposure  is  nx  =  8x10^0/  cm 
(from  X-radiation)  +  2.6xlO^Vcm3  (from  normal  current  flow)  =  HxlOlO/cm^. 
Assuming  no  change  in  the  electron  collision  frequency  the  conductivity 
of  the  positive  column  depends  only  on  the  electro.''  density.  The  con¬ 
ductivity  of  the  tube  has  two  components,  the  cathode  fail  part  and  the 
positive  column  part;  only  the  latter  is  assumed  to  change.  Thus, 
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Rc  +  RP 


R 
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(B-22) 


where  Rop  is  the  resistance  of  the  positive  column  when  the  normal  current 
iQ  flows  through  it.  Thus,  when  the  X-radiatic  .  pulse  falls  on  the  tube 
the  tube  resistance  decreases  from  R/j.  =  9xl03  ohms  to  about  3x10^  ohms. 
Thus,  current  flowing  through  the  circuit  of  Figure  B-2  will  thus  rise 
from  iQ  -  1  mA  to  about  ix  =  1.3  mA. 


4.0  SUMMARY 

(U)  Assuming  a  square  wave  X-ray  pulse  impinging  on  a  laser 
gyro  discharge  tube  (Figure  B-3af ,  the  electron  density  will  build  up  as 
shown  in  Figure  B-3.  The  corresponding  fictitious  current  used  to  describe 
the  laser  behavior  is  shown  in  Figure  3c.  Since  gain  is  a  parabolic 
function  of:  current,  laser  output  as  a  function  of  time  is  as  shown  in 
Figure  3d.  Finally,  discharge  current  through  the  tube  is  as  shown  in 
Figure  3e.  The  numbers  indicated  are  representative  of  a  laser  with 
gain  tubes  similar  to  the  discharge  tube  described  above. 

(U)  From  the  above  analysis,  it  can  be  concluded  that  the 
only  significant  change  in  ring  laser  components  is  an  increase  in  the 
output  signal  strength  and  perhaps  an  increase  in  noise  if  the  laser 
multimodes  when  the  gain  is  increased.  The  laser  recovery  is  fast,  on 
the  order  of  J.O  p's  after  lifting  of  the  X-radiation. 


Laser  Output 
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